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As oil and gas production is moving towards deepwater regions, floating production system 
(FPS) such as semi-submersible, Floating Production Storage and Offloading vessel (FPSO) 
and SPAR are being utilized. The introduction of these compliant floating systems for 
offshore hydrocarbon production has led to the development of new designs for the riser 
pipes, with the steel catenary riser (SCR) often being the system of choice. Current riser-soil 
modeling practices are simplistic compared with testing and field observations, which reveal 
that the modeling of riser-soil interaction at the touchdown zone (TDZ) could be greatly 
improved.  
 
In the present study, centrifuge modeling technique was conducted to evaluate the soil 
responses when the seabed is subjected to repeated penetration and extraction. The present 
study concentrates on identifying the major factors that affect the riser-soil interaction. 
Load-displacement response, soil stiffness degradation and pore water pressure around the 
pipe were obtained from the centrifuge model tests. Both displacement and load controlled 
tests have been carried out. The effects of shear strength gradient, cyclic amplitude, water 
entrainment and cycling depth have been identified as the parameters that affect the riser-
soil interaction. Particle image velocimetry coupled with close range photogrammetry 
technique were used to visualise the soil failure mechanism as the number of load cycles 
increases. Ring shear tests have also been performed on the clay soil in order to quantify the 
residual strength of clay at the steady state of cyclic motion. 
 
Based on the findings, upper bound solutions to predict the pipe penetration and uplift 
resistance were proposed and evaluated. These solutions are able to improve the prediction 
of penetration and uplift resistance at shallow embedment in clay with soil strength 
increasing with depth. 
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A high proportion of oil and gas reserves at onshore and in relatively shallow waters 
offshore have already been tapped due to increasing demands for energy worldwide. As a 
result, all phases of deepwater oil and gas exploration activities have expanded in recent 
years. Enabled by advancement in technologies in oil exploration, development and 
production, oil and gas development in great water depths has become viable. 
 
Deep water is defined as depths greater than 305 m (1000 ft), and ultra-deep water is 
defined as water depths greater than 1,524 m (7000 ft). Since 1995, over 980 deepwater 
exploration wells have been drilled; of which at least 126 deepwater discoveries have 
been announced. In the past six years, there have been 22 discoveries in ultra-deep water, 
with 11 of them in the past two years. By the end of 2009, production in deepwater was 
approximately 950,000 barrels of oil and 3.8 billion cubic feet of natural gas per day. 
(OCS Report, MMS 2009-016) 
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Deepwater continues to be a very important part of oil and gas production in the Gulf of 
Mexico (GoM), providing approximately 70% of the oil and 36% of the gas in GoM in 
2008 (Figure 1.1(a)). The twenty most prolific producing blocks in the GOM are located 
in deep water as shown in Figure 1.1(b). 
 
Because production is moving towards deepwater regions, floating production system 
(FPS) such as semi-submersible, Floating Production Storage and Offloading vessel 
(FPSO) and SPAR are being utilized. To enable access of the production system to the 
pipeline on the seabed, risers are connected to the subsea pipeline from the floating 
structure. As water depth increases, the choice of economic offshore platforms becomes 
smaller, which in turn affects the type of risers that can be used. The introduction of these 
compliant floating systems for offshore hydrocarbon production has led to the 
development of new designs for the riser pipes, with the steel catenary riser (SCR) often 
being the system of choice. It is a steel pipe suspended from the floating structure to the 
seabed in the shape of catenary. Figure 1.2 shows the SCR connecting the subsea pipeline 
and the semi-submersible in a catenary shape.  
 
1.2 Steel Catenary Riser 
The concept of a SCR is fairly simple. It is a pipeline suspended near vertically from a 
floating structure, curving its way down to become a horizontal pipeline along the seabed. 
Since the SCR is essentially a pipeline, continuous standard pipe sections can be used, 
which make SCRs economic to produce and has the benefit of not needing connections. 
This can be shown by the increasing numbers of SCRs being deployed in deepwater 
production system. However, SCRs have limited feasibility in shallow water, as the high 
bending curvature due to bending the pipeline into catenary shape make them expensive 
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Analysis and design tools for SCRs show that the point where the riser first touches the 
seabed (termed as touchdown point, TDP) experiences the highest stresses and greatest 
fatigue damage along the riser. However, the location of TDP is dynamic on the seabed 
due to the possibility of floating platform moving off station. Thus, the further section of 
the riser where it is subjected to pipe-soil interaction under repeated loading is termed as 
touchdown zone (TDZ). Figure 1.3 shows a typical plot of von Mises stress along the 
riser. However, understanding of pipe-soil interaction is limited, hence the industry has 
concerns regarding the levels of conservatism and the safety of SCR designs. 
 
1.3 Analysis of SCR design and needs for further research 
A floating production platform is subjected to six degrees of motion, which are heave, 
surge, sway (translation) yaw, roll and pitch (rotation) inducing complex riser motions at 
the TDP (Figure 1.4). Detailed analysis of risers can be conducted using non-linear finite 
element analysis programs. Specialised riser analysis codes use either rigid or linear 
elastic contact surfaces to model the seabed and simulate vertical soil resistance to pipe 
penetration, horizontal friction resistance and axial friction resistance. A rigid surface 
generally gives a conservative result since it is unyielding. Although the linear elastic 
contact is a better approximation of a seabed, it does not account for non-linear vertical 
uplift soil-structure interaction effects. While non-linear springs in combination with 
damping, sliding and control elements (Clukey et al., 2007) can be configured to model 
this, little knowledge is available to define the modeling parameters. 
 
It has been shown by a number of researchers including Vesic (1971) and Bostrom et al. 
(1998) that little is known about the soil suction induced by the vertical uplift 
soil/structure interaction. This effect consequently brings into question the conservatism 
of existing riser modelling techniques. The main focus of this thesis is to study the 
phenomena of vertical penetration and uplift resistance of pipe/riser and the change of 
seabed properties due to repeated pipe/riser loading. This is to improve the current state 
of understanding on the basic mechanisms affecting the seafloor stiffness at the TDP. 
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Subsequently, this knowledge is incorporated in an improved method and analytical 
model to evaluate the seafloor stiffness and its variation over the life of the SCR. 
 
1.4 Objectives and scope of study 
The purpose of this study is to enhance the understanding of the basic mechanism 
associated with the seabed being repeatedly loaded and unloaded by a riser section in soft 
clay with the following objectives: 
` To identify and investigate different parameters that affect the penetration and 
uplift resistance of a riser at the TDZ through physical modelling. 
` To examine the soil failure mechanism of a seabed repeatedly loaded by a riser. 
` Incorporate this knowledge to provide realistic estimates of the riser penetration, 
uplift resistance and soil strength degradation as number of load cycle increases. 
 
In view of the complexity of simulating the riser-soil interaction problem numerically 
associated with large soil deformation, centrifuge model technique has been adopted in 
this study. This modelling technique allows a proper simulation of the entire process of 
the riser operation using small scale models in the laboratory. 
 
Tests to verify the experimental setup are being carried out first to study the effects of 
model container boundary, repeatability of experimental setup and to ensure the 
consistency of model ground undrained shear strength. In the present study, a single pipe 
section was tested on a specimen of soft clay constituted from Malaysian kaolin clay. The 
simulation mainly consisted of penetration of the pipe section to a prescribed embedment 
depth. Upon reaching the prescribed depth, the pipe section was lifted. This process 
continued until the force-displacement response reached a steady state. The force-
displacement response and pore water pressure around pipe during the repeated loading 
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The associated soil failure mechanism was revealed by conducting the test with digital 
image capturing. The images were analyzed using Particle Image Velocimetry (GeoPIV) 
technique modified for geotechnical purpose (White and Take, 2003) with 
photogrammetry correction to obtain accurate soil deformation patterns. Finally, based on 
the understanding established in this study, a method to estimate the pipe penetration and 
uplift resistance and the soil strength degradation was proposed and evaluated. 
 
1.5 Structure of thesis 
The contents of subsequent chapters in this thesis are briefly described as follows: 
Chapter 2 provides a general overview on vessel motions and loadings, general SCR 
design and subsea soil condition where SCR is deployed. Previous studies on monotonic 
pipe penetration and uplift behaviour and existing model to quantify the riser-soil 
interaction will also be reviewed. 
Chapter 3 explains the methodology of the present centrifuge tests. This includes the 
experimental setup, soil sample preparation and test procedures. Preliminary tests were 
carried out to verify the suitability of the experimental setup and procedures for the 
present study. 
Chapter 4 presents and discusses the experimental results on the riser soil interaction. 
Results of a base case and different parametric studies on different controlled loading 
modes, shear strength gradient, displacement rate, cyclic amplitude and cyclic period will 
be presented. 
Chapter 5 presents and discusses the experimental findings on the evolution of soil 
failure mechanism when repeated loading and unloading occurs. 
Chapter 6 provides further interpretations of the findings including the estimation of 
penetration, uplift resistance and soil strength degradation. 
Chapter 7 summarizes the main findings established in the present study and its 
implications. In addition, recommendations for further studies are made. 
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Figure 1.1(a) Comparison of average annual shallow- and deepwater oil production (b) 




                                                                                                                      Chapter 1 Introduction 
  7  
 
Figure 1.2 Illustration of Steel Catenary Risers (SCRs) suspended from semi-submersible 
to the seabed. (www.atlantios.com) 
 
 
Figure 1.3 Plots of von Mises stress along the SCR obtained from FE analysis and 
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Figure 1.4 Illustration of 6 types of vessel motions. (www.km.kongsberg.com)
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As described Chapter 1, a steel catenary risers (SCR) is a pipeline suspended near 
vertically from a floating structure, curving its way down to become a horizontal pipeline 
along the seabed. The touchdown point (TDP) is defined as the point where the riser first 
touches the seabed. The section of the riser where it is in contact with the seabed and 
subjected to pipe-soil interaction under repeated loading is called the touchdown zone 
(TDZ). At further distance away from the TDZ, the riser becomes a static pipeline lying 
on the seabed. Figure 2.1 shows a typical SCR configuration. 
 
2.1.1 Vessel Motion and SCR Loadings 
Figure 2.2 shows the components of a hypothetical response of a floating production 
platform subjected to random waves and current. The primary response is wave 
frequency motions caused by wave action on the vessel, called first order motions. 
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Slowly varying drift response is low frequency motion caused by swell waves, and are 
referred to as second order motions. Steady drift response is due to wave reflection on a 
floating production platform. The figure also shows that current will induce a permanent 
platform offset provided that the magnitude and direction do not change. 
 
In deepwater environment, the use of jacket platform becomes infeasible. A floating 
production platform is an alternative. Unlike a jacket platform which is supported by 
piled foundation, a floating production system (FPS) employs mooring and anchors for 
positioning. Owing to the nature of mooring system, floating production platform is 
subject to large vessel motions (heave, surge, sway, yaw, roll and pitch). These vessel 
motions are due to environmental loadings such as wind, wave and current loading. 
Inevitably the vessel motions are transferred directly to the SCR. Of all the vessel 
motions, heave has been identified as the one which causes the largest SCR stress 
fluctuations at the TDZ (Chandwani and Larsen, 1997 and Chaudhury, 2001). 
 
As the mooring system is flexible, the FPS will move back and forth. If the FPS moves to 
the left in Figure 2.1, the tension in the SCR increases, the riser is picked up, and the 
touchdown point (TDP) moves to the right. If the FPS moves to the right, the tension 
drops, and the TDP moves to the left. Close to the TDP, the riser is alternately picked up 
and set down. Figure 2.3 plots schematically the distribution of curvature along the SCR 
for (a) rigid seabed and (b) rigid-plastic seabed. As the TDP moves back and forth, the 
change in the riser bending moment is much larger than that in the suspended span. As 
fatigue damage primarily depends on stress range, the region close to the TDP is a fatigue 
hotspot. 
 
As reported by 2H offshore (1999a), a small day-to-day surface waves can cause vertical 
and horizontal TDP motion of 3 to 5 SCR diameters. During a storm wave, TDP motions 
can be up to 11 to 14 diameters vertically and 55 diameters horizontally. These 
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continuous TDP motions can cause the SCR to dig itself into a trench and they have been 
reported as being up to 10 diameters in depth, as reported by Bridge (2005). 
 
The actual response of the seabed to repeated picking up and setting down has a major 
influence on bending moments in the fatigue hotspot, and therefore on the fatigue life of 
the riser. In current practice, a ‘touchdown factor’ that multiplies the embedment depth 
by 2 or 3 times is employed to consider such fatigue effect. This empirical approach is 
crudely oversimplified as there is little justification for the factor employed. 
 
As the FPS motions are transferred to the SCR, it is also subjected to current motion. 
When fluid flows through a cylinder, vortices form behind the separation point and start 
to shed from the cylinder. The shedding becomes asymmetric when Reynold number, Re 
> 60 as shown in Figure 2.4. Typical Reynold number in deep water environment is about 
the order of 105. These phenomena will induce in-flow and cross-flow vibrations onto the 
SCR termed as vortex induced vibration (VIV). In addition to the SCR motion at the TDZ, 
this vibration will cause fatigue damage to the SCR. This is not being considered in the 
current study. 
 
2.1.2 SCR Design and Modelling 
Designing a riser system for a floating production platform is a multi-disciplinary task. 
The riser system design should include evaluation or analysis of potential riser 
interference (including hydrodynamic interaction) with other risers, mooring legs, 
tendons, hull, seabed and any other obstruction during all phases of the riser design life 
including installation, in-place, disconnected and unusual events (API RP 2RD, 1998).  
 
According to Song and Stanton (2007 and 2009), the design of a SCR is an iterative 
process that is typically conducted as follows: 
` Wall thickness sizing 
` Storm analysis 
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` Fatigue analysis 
 
Preliminary wall thickness sizing should be carried out using a design code that covers 
burst, collapse and buckling criteria based on static riser configuration. Preliminary 
global analysis is then conducted using a finite element program to account for the SCR’s 
complex non-linear behaviour. A load case matrix considering combinations of current, 
waves, vessel motions, vessel offsets, riser contents and operating pressures, ensures that 
for all load cases, riser response is within the code limits (for example, API RP 2RD,1998 
and DNV-RP-D101, 2008). It is normal that following that preliminary analysis, 
optimisation of the initial configuration is required. Changing the wall thickness, top 
angle and material grade are usually considered (Thethi and Moros, 2001). 
 
Following storm analysis, a detailed fatigue assessment should be conducted. The 
analysis is best conducted in the time domain to account for non-linear effects and must 
take into account issues such as seabed interaction and the directionality of the 
environmental loading. In addition to the first order fatigue, damage due to second order 
vessel motions and VIV must be established. 
 
As shown in the previous section, TDZ is an area of particular interest for fatigue damage 
design of SCR. It is where the largest bending and tension loads occur. Finite element 
analysis is usually used to assess the static and dynamic SCR responses at the TDZ. SCRs 
are typically analysed using a non-linear time domain finite element (FE) code, such as 
ANSYS (ANSYS, 2000). Linear and frequency domain FE codes can also be used to 
analyse SCRs but assumptions must be made, such as the TDP being modelled by a fixed 
pin boundary condition, which results in the TDP not always being properly modelled.  
 
The seabed is generally modelled as either a rigid or flexible surface with lateral and 
axial friction coefficients. More complex pipe/seabed interaction models can be created 
using combinations of non-linear springs, gap, control and damping elements. In the 
 
 
                                                                                                           Chapter 2 Literature Review 
  13  
current commercial SCR design software, processes such as large ground deformation i.e. 
backfill, large penetration, trenching are not taken into account which will affect the SCR 
response.  Fatigue damage is affected by the seabed stiffness assigned in the analysis. The 
use of a rigid seabed gives higher maximum fatigue damage in the critical TDZ compared 
with an elastic seabed (STRIDE, 1997a). Extreme storm stresses are not particularly 
sensitive to seabed stiffness but are influenced by lateral friction coefficients when 
current and wave loadings are in the direction transverse to the riser longitudinal axis 
(STRIDE, 1997b). 
 
Figure 2.5 shows examples of different soil models being used by Clukey et al. (2007) to 
perform numerical analysis to investigate the potential impact of various soil models and 
trench depths on steel catenary riser. Figure 2.5(a) represents the constitutive modelling 
for linear soft seabed, Figure 2.5(b) represents the linear seabed with higher stiffness and 
Figure 2.5(c) is the non-linear soil model. The important findings by Clukey et al. (2007) 
will be reviewed later in this chapter. 
 
 
2.1.3 Subsea Soil Condition 
Typical sediments that are found in deep-water environments are likely to be very soft or 
silty clays as reported by Yen et al (1975) and Dunlap et al (1990). Ho (1988) reported 
that deep ocean sediments have an overall behaviour that is similar to terrestrial soils. 
This conclusion was based upon a comparison of undrained shear strength, compression, 
consolidation, and stress-strain behavior of the soil. They also indicate that any testing 
programs conducted using on-shore saturated clays are applicable to deepwater seabeds 
and SCRs.  
 
For example, the predominant soil condition in deepwater Gulf of Mexico is normally 
consolidated clay with relatively small undrained shear strength at the surface. Typically, 
the undrained shear strength increases linearly at a rate of 1.0 - 2.0 kPa/m (Aubeny et al., 
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2001b). These soils are highly plastic in nature with LL in the range of 65 to 100 and PI 
between 25 to 40. The water content is often more than 100% at the mudline, and around 
35% at depths greater than 150 ft. Figure 2.6 shows a typical range of undrained strengths 
versus depth for the Gulf of Mexico. 
 
In a recent study conducted in the plateau areas of the Texas-Louisiana continental slope 
of the Gulf of Mexico, Bradshaw et al. (2000)  reported that plateau sites are normally 
consolidated at depths over 4 m with a zone of apparent overconsolidation in the upper 
few meters. It was also reported that the sediments from the apparently overconsolidated 
zone showed greater normalized strength and less contractive behavior than the deeper 
normally consolidated clay. Figure 2.7 shows a typical undrained strength profile. Both 
fully saturated normally consolidated and overconsolidated clay will be simulated in the 
present study. 
  
2.1.4 Field observation 
Thethi and Moros (2001) presented some field observations of SCR at the touchdown 
zone (TDZ). Remotely Operated Vehicle (ROV) surveys of installed steel and flexible 
catenaries have shown deep trenches cut into seabed beyond the TDP. Even after just a 
few months following installation, trenches have been seen that are four to five pipe 
diameters deep and three to four pipe diameters wide, and with some soil backfill in the 
trench. This observation is consistent with that reported by Bridge (2005). Such trenches 
have been observed in the Auger and Allegheny GoM field developments. 
 
Thethi and Moros (2001) also mentioned that it is difficult to predict the trench profile 
and the rate at which it develops as both depend on the degree and frequency of riser 
movements at the TDP, which in turn depend on the environmental loading and vessel 
motions. They showed shows the probability plots of TDP location for a 355.6 mm (14 
inch) deepwater GoM SCR connected to a SPAR (Figure 2.8). The plot shows that over 
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the service life of the riser, 97% of the riser movement occurs in a 17 m (56 ft) long 
narrow strip centered about the nominal TDP and in the direction of the riser longitudinal 
axis. With TDP mapping, it is possible to identify sections of the riser in the TDZ that 
move very frequently such that the soil within this region is always in a remoulded 
condition. 
 
2.1.5 Pipeline – Soil Interaction 
The interaction between offshore pipelines and seabed soils has attracted considerable 
amount of research attention, covering a wide range of issues, such as pipe penetration, 
soil restraint in various directions and stresses around buried pipes. A majority of 
previous studies considered plane strain conditions due to the very large length to 
diameter ratio of a pipeline. In the subsequent sections of this chapter, the findings from 
the work focused on vertical resistance of rigid pipelines under plane strain conditions are 
reviewed. The pipeline penetration is discussed first followed by the uplift resistance of 
pipe in clay. Lastly, vertical cyclic loading of pipe in clay will be discussed. 
 
2.2 Pipeline Penetration 
The total pipeline penetration is contributed by a number of different mechanisms. These 
include immediate penetration, consolidation settlement and the additional settlement due 
to hydrodynamic forces, disturbance during installation or additional consolidation 
settlement due to pipeline operation. The level of disturbance during installation is 
subjected to a high level of uncertainty and could be difficult to predict. However, the 
penetration caused by shearing of the soil, can be estimated. 
 
When a pipe is placed on the seabed, the immediate effect is the generation of shear 
induced deformation of the soil. Penetration of the pipe into the soil will cause plastic 
deformation around the pipe (Bostrom et al., 1998). The mechanism is similar to bearing 
capacity failure of a shallow footing, as illustrated in Figure 2.9. The weight of the pipe 
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increases the vertical stress in the soil directly underneath the pipe. This effectively 
mobilises the shear strength resistance in the soil in an active mode, which has vertical 
stresses higher than horizontal stresses. Owing to free stress boundary condition at the 
soil surface next to the pipe, there exist passive shear zones next to the active zone. The 
change in the shearing mode is achieved by rotation of principal stress through transition 
zones. The exact shape of the failure surface depends upon the frictional characteristics of 
the soil. For fine-grained soils, it is reasonable to assume that there is no volume change 
(i.e. undrained behaviour) during the penetration process.  
 
2.2.1 Pipeline Indentation 
Rigorous plasticity solutions exist for predicting the vertical bearing capacity of shallow-
embedded pipelines in undrained cohesive soil. Murff et al. (1989) presented plasticity 
solutions for pipe penetration in cohesive soil. The geometry and the characteristic net for 
a smooth pipe are shown in Figures 2.10 (a) – (d). For a smooth pipe, the lower bound 
solution is given by: 
 





    Equation 2.1 
where )21(sin 1 Dw−= −ω ; z is the pipe embedment; Fv is the effective pipe weight; L is 
the pipe length; D is the pipe diameter and su represents the undrained shear strength of 
soil. 
  
The full lower bound solution also considers the case of sloping ground next to the pipe. 
As illustrated by the authors, this feature can be used to take into account the effect of 
soil heave during pipe penetration. This is carried out by assuming the volume loss due to 
penetration is displaced and forms a wedge with an adjoining slope. However, as pointed 
out by the authors, this approach is only valid for small penetrations up to about 0.2 D. 
This is because the soil-pipe contact is above the centre of the pipe, therefore violating 
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the original assumptions. However, this is not strictly an exact lower bound solution since 
the condition of stress equilibrium is not enforced in the formulation. 
 
Using the stress characteristic net obtained in the lower bound solution as a velocity field 
(Figure 2.10(c)), an upper bound solution was achieved: 
 
 
( ) 1/2 1 1 2 1 2 1
1tan 2                                         Equation 2.2(a)
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where θ 1 and θ 2 are angles defining the location of the characteristics. 
 
Murff et al. (1989) suggested that, for deep embedment depths, a better upper bound 
solution could be obtained using the velocity field employed by Randolph and Houlsby 
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The author also reported that soil heave could account for 20% of penetration resistance. 
 
By fitting experimental data, the Verley and Lund (1995) has proposed empirical 
equation by fitting experimental data to predict pipe penetration. The effect of soil heave 
next to the pipe is therefore taken into account implicitly. They derived empirical 
relationship between the penetration depth and pipe weight based on large and small 
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 7.03.02.33.0 )(062.0)(0071.0 VLVLVLVL GSGSD
w +=                        Equation 2.3 
 
where uvVL LDsFS = , suVL DsG γ=  and  γs  is the unit weight of the soil. 
 
Merifield et al. (2008) also performed numerical studies and upper bound analysis for 
penetration resistance of a shallowly embedded pipe. A simple analytical expression to 
predict vertical penetration responses generated by the finite element and plasticity 

























Hodder and Cassidy (2010) recommended the value of su should be the undrained shear 
strength at the pipe invert without any correction made for the change in contact width 
for depths less than 0.5 D. 
 
Parametric studies performed by Cheuk (2005) have confirmed that the sensitivity of the 
final solution to the GVL value in Equation 2.3 is, in any event, low. The solutions 
proposed by Murff et al. (1989) give a tightly bracketed solution for small pipe weights. 
The use of Randolph and Houlsby (1984) velocity field has reduced the discrepancies 
between the upper and lower bound solutions for dimensionless pipe weights Fv/LDsu 
greater than 4.4. The Verley and Lund (1995) solution gives a higher estimate of pipe 
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2.2.2 T-bar Penetrometer 
T-bar penetrometer was first introduced by the University of Western Australia for shear 
strength profiling of soil sample in centrifuge model tests (Stewart and Randolph, 1991 & 
1994). In recent years, T-bar has been implemented for offshore site investigation 
(Randolph et al., 1998 and Lunne et al., 2005). Plasticity solution for the flow around a 
cylinder (Randolph & Houlsby, 1984) provided the basis for obtaining estimation of 
shear strength directly from the measured penetration resistance. The bearing capacity 
factors for T-bar, Nt predicted based on the plasticity solutions against the material 





FN =         Equation 2.5 
 
where F is the total downward force minus the effective weight of the T-bar and A is the 
projected area of the penetration object. As shown in Figure 2.11, the Nt values fall 
within a range of 9.4 to 10 for fully smooth material and converges to 11.8 for fully 
rough material. 
 
Chung et al. (2004) performed a field cyclic T-bar penetrometer test at a depth of 13.7 m 
to 14.7 m and the results are shown in Figure 2.12. It is clear that the soil undergoes 
degradation and stabilizes at a fully remoulded value. It is important to note that the 
cyclic T-bar test was performed in the deeper depth where the confining pressure is high 
enough to establish flow-around-cylinder mechanism to occur which is different from the 
case of touchdown zone cyclic mechanism where the cyclic zone considerably shallower. 
At the riser touchdown zone, the pipe is also subjected to the possibility of breaking out 
from the soil and allows free water to enter the penetration zone which could be different 
from the test performed by Chung et al. (2004) at greater embedment depth. Dunlap et al. 
(1990) also indicated that limited cyclic loading without breakout resulted in little 
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additional burial while large cyclic loads which broke suction and pulled the pipe free 
resulted in further penetration. 
 
2.3 Uplift Resistance of Pipeline in Clay 
The popularity of research into soil uplift resistance comes from the wide range of 
applications. For instance, Balla (1961) carried out model tests to examine the breakout 
resistance of mushroom foundations for pylons, and Sutherland (1965) looked into the 
required jacking force to install shaft raising. Although these two early studies were both 
conducted in sand, they highlighted the need for accurate predictions of uplift resistance 
of buried objects in all kinds of material; conservatism on one side will lead to under-
prediction on the other. 
 
Most theories regarding uplift resistance of soil were developed based on research work 
on horizontal plate anchors. Dickin (1994) pointed out that there was no significant 
difference between the behaviour of pipelines and that of anchors. However, the 
proposition may only be true for the discussion of peak uplift resistance. Issue other than 
peak uplift resistance, such as the mobilized displacement at failure which is important 
for the case of SCR touchdown mechanic where the mobilized displacement will govern 
the SCR’s structural bending moment. 
 
Vesic (1971) presented a theoretical analysis of breakout stress of embedded plates with 
supporting experimental results. Figure 2.13 shows the different force components in an 
uplift problem. The total uplift resistance, Fu, consists of effective weight of the object, 
; effective weight of soil being lifted, sW ; vertical component of the soil shearing 
resistance, Rv; vertical component of the adhesion force between the object and the 
adjacent soil, Ca and the suction force resulting from pore pressure differences above and 
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The coexistence of adhesion force, Ca, and suction force, Pw, in the proposal is 
contradictory. Without the presence of a crack or a gap, adhesion force, Ca, would be the 
sum of the soil effective stress and pore water pressure below the object. In this case, the 
pore water pressure component would be the absolute pore pressure rather than the 
suction force, Pw, as define before. On the other hand, if a crack or gap forms beneath the 
object, adhesion force, Ca, no longer exists and the downward force component should 
purely be suction force, Pw. The definition of suction force, Pw, used is also wrong as the 
pore pressure above the buried object is irrelevant. The suction force, Pw, should be 
defined as the water pressure below hydrostatic value underneath the buried object which 
is negative in the case of uplift 
 
Davie and Sutherland (1997) investigated the similarity between prototype and model 
tests on circular plate anchor in clay using dimensional analysis. The dimensionless 


















,ρρ       Equation 2.6 
 
where g is the acceleration due to gravity; sρ  is density of the soil; wa is the embedment 
depth of the anchor and Da is the diameter of the anchor plate. 
 
For prototypes with a high su/ρsgDa ratio, both shallow and deep anchors can generally be 
modelled with dimensional similarity by using soft clay in the small-scale model. 
However, when the su/ρsgDa ratio in the prototype is low, a satisfactory dimensionally 
similar model cannot be easily achieved in a small-scale model due to the difficulties in 
handling extremely soft soil. If the prototype clay is used, the dimensionally dissimilar 
model could lead to considerable underestimation of prototype uplift resistance as the 
contribution of soil weight increase substantially at low su/ρsgDa ratios. Nevertheless, the 
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above issue can be tackled relatively easily with the use of centrifuge modelling 
technique. 
 
2.3.1 Merifield et al. (2001a, 2003) 
Merifield et al. (2001a) performed numerical formulations of limit theorem developed by 
Sloan (1988) and Sloan and Kleeman (1995) on the uplift behaviour of anchor in both 
homogeneous and non-homogeneous clay. The anchor is modelled as a plane strain strip 
anchor. This study is able to bracket the uplift capacity with sufficient accuracy and 
reduce the discrepancy between existing upper and lower bound solution. The result is 
















−=        Equation 2.7(b) 
 
where suo is the undrained shear strength at the surface of increasing shear strength clay 
 
Merifield et al. (2001a) suggested that the lower and upper bound solution for 
homogeneous clay could be approximated by 
 







N =      Equation 2.8(a) 







N =      Equation 2.8(b) 
 
For the case of clay with linearly increasing undrained shear strength, the limiting value 
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kDN      Equation 2.8(c) 
 
where k is the gradient of the linearly increasing undrained shear strength. 
 
Figure 2.14(a) shows the comparisons between existing numerical solutions and 
laboratory test results. The numerical limit analysis is able to improve the discrepancy 
especially at large embedment depths. Figure 2.14(b) shows the comparisons between the 
lower and upper bound solution with existing physical modelling experiments. Figure 
2.15 further demonstrated that the effects of soil weight (overburden) and cohesion are 
independent of each other and can be superimposed by plotting Fu/su against the 
dimensionless group γswa/su as shown in Figure 2.15. The ultimate uplift pressure 
increases linearly with stability number (γswa/su) at a gradient of 1 for any given 
embedment ratio. It increases up to a limiting value at which the failure mechanism 
changes to deep failure mechanism. The calculated upper and lower bounds of this 
limiting value (Fu/su)max were 11.86 and 11.16 respectively.  
 
Merifield et al. (2003) pointed out that the failure mechanism can change from shallow to 
deep for any given embedment ratio when the overburden stress increases. This implies 
that the transition from shallow to deep behaviour is governed by the embedment ratio 
and stability number. The solution is unable to predict the mobilisation distance. 
Nevertheless; it is able to predict the failure load during incipient failure. 
 
2.3.3 Cheuk et al. (2007) 
Cheuk et al. (2007) performed centrifuge model study on the uplift of pipelines buried in 
lumpy clay fill. Very soft clay with undrained shear strength of about 2.4 kPa from the 
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Firstly, the soft GoM clay was extracted from core samples and then consolidated under 
fully submerged conditions at 100g for 1 hour to simulate a stiff over-consolidated soil 
layer. The top 36 mm of the consolidated clay layer was then scraped off to create 
increasing undrained shear strength with a non-zero strength at ground surface. The 
model pipe was laid down on the stiff soil layer and soft clay from the cores and then 
deposited in small lumps with a diameter of about 10 mm to mimic the lumpy fill formed 
due to soil disintegration. Figure 2.16 shows the lumpy fill over the pipeline. This step of 
procedure does not necessarily simulate the condition of pipeline being laid in the clay 
formation especially in deep water environment. Usually pipelines are buried into the 
seabed using water jetting method or mechanical cutting of the ground. If these methods 
are not available, pipelines are self-embedded into the clay due to softening of clay 
caused by vessel motion transferred to the pipeline at the touchdown zone. (Cheuk and 
White, 2008) 
 
Figure 2.17 shows that the peak uplift resistances in the two tests with different uplift 
speed only differ from each other by 10%. Although the difference between the peak 
uplift resistance is only about 10%, the initial stiffness of the load displacement curves 
are remarkably different. The reduction in the mobilisation distance of peak uplift 
resistance is due to the additional pore pressure response in the faster test. This causes the 
sharper response in the load-displacement curve.  
 
Figure 2.18 shows negative excess pore pressure generated below the pipe. The 
maximum negative pore pressure was recorded at a displacement of about 0.5D. This 
observation implies that the negative pore pressure (suction) generated beneath the pipe 
directly contributes to the uplift resistance by producing a downward force on the pipe 
which is approximately 20% of the peak uplift resistance. 
 
Cheuk et al. (2007) reveals that the reduction of uplift resistant mainly comes from 
insufficient consolidation time, which in turn decreases the suction force generated 
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underneath the pipe and the reduction of the clay shear strength. The suction force is also 
highly dependent on the displacement rate of the uplift process. Influence of uplift speed 
in fully consolidated lumpy fill was found to be small. The peak uplift resistance reduced 
only by about 10% when the uplift speed was lowered by 50 times from 0.03 mm/s to 
0.0006 mm/s at model scale. 
 
2.3.4 Bransby et al. (2002) 
Bransby et al. (2002) performed centrifuge model tests to investigate the uplift resistance 
of untrenched jetted and trenched jetted pipeline, as shown in Figure 2.19(a) and (b) 
respectively. Similar to Cheuk et al. (2007) presented above, offshore vibrocore samples 
were used to form the centrifuge model. The soil samples were fully disturbed before 
being poured into the model container. 
 
For the untrenched jetted pipeline, the pipe was placed in the slurry, while it was 
supported by an actuator and hanger system. Then the model undergoes consolidation 
under constant acceleration in the centrifuge. While for the trenched jetted pipeline, the 
pipe is only installed after consolidation. Trenched jetting was simulated by inserting two 
metal plates which are 2.5 pipe diameters apart and inclined 10o to the vertical in the soil 
to form the boundaries of the trench. The soil within the plates were then extracted and 
backfilled with seawater. The model pipe was then placed onto the base and centre of the 
trench and was backfilled using slurry material similar to the initial soil preparation. Both 
sets of experiments were then ready for uplift testing. 
 
The trenching and water jetting simulated by the above mentioned technique does not 
necessary simulate the real field condition. Moreover, the water jetting and trenching 
process is very random and subjected to uncertainty due to the nature of the environment. 




                                                                                                           Chapter 2 Literature Review 
  26  
Nevertheless, some important findings were noted from the centrifuge model tests. The 
undrained uplift resistance was seen to be lower than the drained capacity and both 
increased with consolidation time after jetting. On increasing the pipeline uplift velocity, 
the uplift force increases suggesting that undrained tests mobilize a larger uplift 
resistance which is consistent with Cheuk et al. (2007). The author also suggested that 
there are two components of uplift resistance: the shear resistance due to the soil 
undrained shear strength and the soil cover as the pipeline is pushing against and 
deforming soil. As Cheuk et al. (2007) had found, the uplift resistance is found to 
increase with consolidation time, as shown in Figure 2.20. 
 
2.4 Vertical cyclic loading 
Pesce and Martin (2006) pointed out that riser-soil contact modelling “awaits a 
comprehensive and consistent treatment, where non-linear effects would be properly 
taken into account. Embedding and trenching were cited as important phenomena not yet 
properly incorporated in most design procedures, deserving further investigations”. 
Existing studies have shown that different loading modes can cause different stiffness 
degradation. Langford and Aubeny (2008a) shows stiffness degrading dramatically under 
displacement controlled loading while Aubeny et al. (2008b) show relatively minor 
degradation in stiffness under force controlled loading. Past researchers such as Clukey et 
al. (2007) had pointed out that the application of different types of soil model has a 
strong effect on the computed fatigue lifetime. As presented earlier, vessels heave motion 
contributes largest to the riser motion at the touchdown zone. Thus, various findings from 
the previous studies on vertical cyclic loading will be presented in this section. 
 
In section 2.1.1, heave motion has been identified as one of the vessel motion which 
causes the largest SCR fatigue damage at the TDZ. Therefore, the literature review in this 
section will focus on the research related to the transverse vertical cycling of a cylindrical 
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2.4.1 Changes in Soil Stiffness 
The effect of a pipe cycling in soft clay has been examined by many authors including 
Andersen et al. (1976), Nova (1981) and Dunlap et al. (1990). The effect is that as the 
number of cycle increases, the stiffness reduces. Figure 2.21 shows that after 50 cycles 
the gradient of the stress-strain curve decreases, indicating a reduction in soil stiffness 
(Nova, 1981). 
 
The degradation of the soil resistance force due to cycling was also examined by Idriss et 
al. (1978). They related the reduction in the Young’s modulus of the soil to the number of 
cycles and the amplitude of the developed shear strain. This relative reduction was 
expressed as a degradation factor, DE, which is calculated as the ratio of the Young’s 
modulus of soil after ‘n’ cycles to the Young’s modulus of the first cycle. Idriss et al. 
(1978) related the degradation factor, DE, to the number of cycles by 
  
 tE nD
−=         Equation 2.9 
 
where t is the degradation factor parameter which varies from 0.01 to 0.6 
 
Dunlap et al (1990) also performed experiments to examine cyclic pipe/soil interaction of 
a surface pipeline penetrated up to a one pipe diameter into remoulded clay sediment. 
These tests were conducted using both force and displacement controlled tests. The 
author presented the results in the form of normalized soil stiffness, kc, for 1, 10, 100, 
1000 and 3000 cycles, in the form of 
 
 Bc D
wAk )(=         Equation 2.10 
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A summary of the empirical factors A and B determined by Dunlap et al (1990) is given 
in Table 2.1 and represented graphically as dynamic backbone curves in Figures 2.22 and 
2.23 for the load control and displacement control tests, respectively. The authors showed 
that as the number of cycle increases, the pipe/soil interaction force decreases, which is 
consistent with the conclusion reported by Dormieux & Peacker (1995). 
  
Only the degradation of total soil resistance has been evaluated in these studies. As 
shown in the previous section, the total uplift resistance can be calculated by summing up 
the effective weight of the top soil cover, shear resistance of the soil (soil component) and 
the negative pore water pressure beneath the pipe (crack/gap forms) or adhesion (no 
crack/gap forms). In the current study, the soil and excess pore water pressure 
components will be considered separately and quantified according to the number of 
cycles. 
 
2.4.2 STRIDE and CARISIMA JIP 
Bridge et al. (2004) presented the state-of-the-art models developed using published data 
and data from pipe-soil interaction experiments conducted in the STRIDE and 
CARISIMA JIP. Figure 2.25 shows the behaviour of the backbone curve (pipe resistance 
versus pipe displacement relationship) at different stages of pipe penetration and uplift. 
The left hand column shows the vertical motion of the pipe associated with the pipe soil 
interaction curve in the right column. 
 
For the riser-soil interaction model proposed by Bridge et al. (2004), the corresponding 
maximum soil suction force, QS,MAX, is estimated as: 
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where fnfv DVkk )(= ; tfvctft cLDtcfkk += )( 2 ; kc is cyclic loading factor; V is pull 
out velocity; cv is coefficient of consolidation; fc is consolidation force; t is consolidation 
time and kf, nf, ktf, ctf are empirically derived constants from the CARISIMA and STRIDE 
test data. 
 
The break-out displacement can be estimated as: 
 
 Dkk dtdvb **=Δ        Equation 2.12 
 
where dnddv Vkk *= ; dtfvcdtfdt cLDtcfkk += )( 2 ; ᇞB is the break-out displacement; 
kd, nd, kdtf and cdtf are empirically derived constants from the CARISIMA and STRIDE 
test data. 
 
In the model proposed by Bridge et al. (2004), seabed degradation is solely characterised 
by the change in the secant stiffness denoted in Figure 2.24, while the penetration and 
uplift backbone curves remain unchanged with the number of load cycles. This 
idealisation may not represent the field condition. The soil strength at the disturbance 
zone would change as the pipe undergoes cycling motion, and reconsolidation would 
occur when the cycling stops. Consequently, the pipe penetration and extraction 
resistances, denoted as backbone and soil-suction backbone curve in Figure 2.24, would 
change as the number of load cycles increases. 
 
The model assumes that the break-out displacement is independent of trench depth. This 
is certainly questionable, as presented in the earlier section. When trench depth increases, 
the confining pressure will increase which in turn will affect the break-out displacement 
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as well. Besides that, the backbone curves may not necessary represent the field condition. 
It ought to change in response to the change in the shear strength of the seabed due to the 
diffusion of pore water within the influence zone during the cycling of pipe in and out of 
the seabed. This phenomenon would have a detrimental effect on the fatigue life design 
of the SCR. 
 
Majority of the model parameters are derived empirically from model test results. Little 
or limited understanding on the fundamental mechanism of riser-soil interaction were 
shown in these studies. It is also noted that these JIPs mainly focused on the riser system 
design, installation methods and vibration induced vortex (VIV). In the present study, 
emphasis will be placed on the study of riser soil interaction and how does it evolves with 
increasing number of load cycles. 
 
2.4.3 Clukey et al. (2005) 
Clukey et al. (2005) performed experiments to investigate the pipe-soil response under 
loading conditions that can result in fatigue damage for deepwater risers. The tests were 
primarily performed on 152-mm diameter pipe sections subjected to a series of load and 
displacement controlled cyclic loads and displacements. The testing program was 
specially aimed at investigating the cyclic and pipe-soil separation effects on the pipe-soil 
response.  
 
Clukey et al. (2005) made comparisons between their experimental results and the 
stiffnesses obtained from the two models proposed by Bridge et al. (2004) presented in 
the previous section in order to determine the potential impacts of these additional effects. 
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where kt is the measured stiffness from cyclic load/cyclic displacement; Nc is the bearing 
capacity factor proposed by Skempton (1951) which is 5.14 * [1 + 0.23 (w/B)0.5] and B is 
the width of pipe in contact with soil. 
 
Figure 2.26 shows the stiffness ratio for load control tests. The displacement control tests 
show similar results. Both the load and displacement control tests show similar results in 
which the stiffness ratio decreases to a value of less than 5. This is an order of magnitude 
difference between the stiffness ratio predicted with the unload-reload model and a factor 
of 2 difference for the initial loading model. 
 
Figures 2.27 and 2.28 show the force displacement plot with constant bearing capacity 
and constant penetration depth, respectively. In Figure 2.27, the incremental displacement 
increases with the number of cycle. The observation is somewhat suspicious due to the 
fact that since the shear strength profile of the soil increases with depth, the incremental 
displacement should decrease with the number of cycle. Figure 2.28 shows that the 
penetration and extraction curve exhibits symmetry similar to the cyclic T-bar 
penetrometer results presented by Chung et al. (2004) in the earlier section. 
 
For tests which pipe-soil separation occurs, i.e. gap/crack forms underneath the pipe, the 
characteristic shape of the force-displacement curve changes appreciably. The hyperbolic 
model cannot predict this behavior. The authors suggested that this phenomenon is very 
likely related to some mixing and addition of water to the soil. 
 
2.4.4 Clukey et al. (2007) 
Clukey et al. (2007) performed numerical analysis to investigate the potential impact of 
various soil models and trench depths to the response of a steel catenary riser. A total of 
nine load cases were selected by combining various soil springs and trench depth (Table 
2.2). The assumed soil stiffness for the ‘soft’ seabed is 170.1 kN/m/m, whereas the 
assumed ‘hard’ seabed stiffness is 850 kN/m/m. 
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Figure 2.29 shows the fatigue damage of the riser at the touchdown point for different 
soil model. The results show that the fatigue damage for a ‘hard’ seabed was slightly 
higher than the damage for a ‘soft’ seabed. However, the fatigue damage for a non-linear 
soil model with suction was found to be much greater compared to the other two soil 
models. The authors suggested that the effects of suction and the enhanced stiffness 
during the uplift portion of the loading cycle are believed to be the cause of this increased 
damage. 
 
The authors reported that in order to study the touchdown point response, the degradation 
of soil stiffness due to cyclic loading of the soils needs to be addressed in the SCR 
analysis. In the numerical simulation, a small strain deformation was simulated due to the 
difficulties in numerical and constitutive modeling which might not represent the real 
field condition because day-to-day wave would induce a pipe displacement of 2D up to 
5D at the touchdown zone. 
 
2.4.5 Aubeny et al. (2005 and 2008) 
Studies by Aubeny et al. (2005) indicated that under conditions of linearly increasing soil 
strength, the normalizing pipe penetration resistance, P, in terms of soil strength at the 
bottom of the pipe, su,bottom yields bearing capacity factors, Nc, that are insensitive to the 
strength profile. It presented a model employing power law empirical fit to finite element 
predictions, for pipe embedment of less than one-half pipe diameter (w/D < 0.5): 
 
Nc = a(w/D)b         Equation 2.14 
α = 0: a = 4.97, b = 0.23 
α = 1: a = 6.73, b = 0.29 
 
It has a similar form with those proposed by Merifield et al. (2008). Aubeny et al. (2008) 
presented a stiffness degradation model. During cyclic loading, the seabed stiffness 
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evolves in a complex manner, with some tendency for softening due to soil remoulding to 
be offset by the effects of reconsolidation over time. However, they state with a high 
degree of certainty that at a given load cycle, the reload stiffness is less than the unload 
stiffness which form the basis of the degradation component of the model (Aubeny et al., 
2008b).  
 
The bending moment of the pipe is determined numerically by incorporating Equation 
2.14, the degradation model and the 4th order differential equation describing the vertical 
displacements for a horizontal pipe resting in a bed of springs subjected to an axial 
tension. Intuitively, it is thought that as the pipe penetrates deeper the penetration 
resistance would increase due to increasing soil shear strength with depth. However, it is 
discovered that stiffness degradation generates cumulate cyclic displacement that lead to 
significant decline in the contact pressure between the soil and riser. This observation is 





The literature review presented in this chapter reveals that riser motion at the touchdown 
point is predominantly vertical and cyclic in nature. The relatively small day-to-day 
surface waves can cause vertical touchdown point motion of 3 to 5 pipe diameters while 
during a storm wave, touchdown point motion can go up to 11 to 14 pipe diameters. In 
the commercial SCR design softwares, large ground deformation i.e. backfill, large 
penetration, trenching are not taken into account and this will affect the predicted SCR 
responses. 
 
The predominant offshore soil condition in deepwater environment is normally 
consolidated clay, with an undrained shear strength relatively small at the surface and 
linearly increasing at a rate of 1 – 2 kPa/m with depth. Overconsolidated clay zone at the 
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upper 4 meters have been reported in existing literatures. Both normally consolidated and 
oversolidated soil condition with different increasing shear strength gradient will be used 
to simulate the offshore soil condition in the present study. 
  
Many studies have been done on pipeline indentation up to an indentation depth of 0.5D. 
These solutions agreed with each other at small indentations, i.e. up to 0.2D but thereafter 
the discrepancy increases with indentation depth. For penetration to greater depth, flow 
around cylinder mechanism is developed for the application of T-bar penetrometer. 
Upper and lower bound plasticity solutions are presented. For the touchdown zone 
problem, the pipe penetration and extraction usually occurs at transition depths, i.e. up to 
3D to 5D, where usually the soil failure mechanism evolves from a shallow bearing 
failure to deep flow around cylinder mechanism which could not be well described by 
these existing solutions. 
  
For studies conducted on pipe uplift resistance, embedment depth, soil shear strength, 
uplift speed and consolidation of the soil cover, are identified as important parameters 
that govern the uplift behaviour. Owing to experimental difficulties, pipe embedment 
process was usually not realistically simulated in these model tests. As shown in the 
previous section, centrifuge modelling technique is able to solve the dimensional 
similarity discrepancy concerning small scale model. 
 
A large number of numerical simulations have been reviewed to simulate the riser soil 
interaction at the touchdown point. Owing to limitations on numerical and constitutive 
modelling of large penetration and suction modelling, these models were not able to 
simulate the problem realistically. In the current riser-soil interaction model, only the 
degradation of breakout response was considered. The backbone curves remained 
unchanged with number of load cycles and this may not necessary represent the field 
condition. It should change in response to the change of shear strength of the seabed due 
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to diffusion of pore water within the influence zone during the cycling of pipe in and out 
of the seabed.  
 
Soil stiffness degradation is an important parameter in order to identify the riser fatigue 
life at the touchdown point. This aspect is not well studied and seabed is usually not 
properly modelled in the current SCR fatigue design. Existing literatures have shown that 
fatigue damage is highly sensitive to the soil model employed in the analysis. A non-
linear soil model to simulate riser soil interaction has been shown to be more critical as 
compared to those seabed modelled with linear spring. 
 
In view of the above shortcoming in existing studies, a series of centrifuge model tests 
were conducted at the National University of Singapore to evaluate riser soil interaction 
when the seabed is subjected to repeated penetration and extraction. The present study 
concentrates on identifying the major factors that affect the riser-soil interaction. Load-
displacement response, soil stiffness degradation and pore water pressure around the pipe 
would be obtained from the centrifuge model tests. Both displacement and load 
controlled test will be carried out. The effect of (a) shear strength gradient; (b) 
displacement rate; (c) cyclic amplitude; (d) water entrainment and (d) cyclic period 
would be investigated through the first part of centrifuge model tests. Subsequently, 
particle image velocimetry (PIV) technique was used to visualise the evolvement of 
failure mechanisms as the number of load cycle increases. 
 
Furthermore, upper bound solutions to predict the pipe penetration and uplift resistance 
will be proposed. Ring shear tests were performed on the clay soil to quantify the soil 
strength at the steady state of vertical cyclic loading. The centrifuge test results will be 
compared with the upper bound solution using the results of ring shear test. 
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Table 2.1 Summary of coefficients A and B for non-dimensional backbone curves. 
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Figure 2.2 Components of hypothetical response of a floating production platform 
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Figure 2.3 Distributions of curvature in suspended pipeline induced by movement of 
touchdown point: (a) on rigid seabed; (b) deformable seabed. (Hu et al., 2010) 
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Figure 2.5 Different soil models being input to numerically analyse SCR response at the 
touchdown zone. (Clukey et al., 2007) 
 
 
Figure 2.6 Typical range of undrained shear strength vs depth for Gulf of Mexico. 
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Figure 2.7 Typical undrained shear strength profile with a zone of apparent 
overconsolidation in the upper few meters. (Bradshaw et al., 2000) 
 
 
Figure 2.8 Probability plots of TDP location for a 355.6 mm (14 inch) deepwater GoM 
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Figure 2.9 (a) Classical bearing capacity failure mechanism; (b) Proposed breakout 
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Figure 2.10 Limit analysis for pipe penetration: (a) Geometry for lower bound solution; 
(b) Characteristic net for smooth pipe; (c) Velocity field consistent with lower bound, and 
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Figure 2.11 Bearing capacity factors for T-bar, Nt predicted based on the plasticity 
solutions against the material roughness. (Randolph and Houlsby, 1984) 
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Figure 2.12 (a) Result from cyclic penetration performed during extraction at about 
14.3m depth for T-bar penetrometer test; (b) Summary of degradation factor against 
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Figure 2.14 Breakout factors for horizontal anchors in homogeneous clay (a) comparison 
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Figure 2.15 Effect of overburden pressure interpreted from lower bound solutions. 




Figure 2.16 Lumpy clay fill over the pipeline to simulate the pipeline uplift process in the 
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Figure 2.17 Influence of uplift speed and the degree of consolidation on uplift resistance 
in lumpy fill. (Cheuk et al., 2006) 
 
 
Figure 2.18 Change in pore water pressure during uplift in fully consolidated lumpy fill 
below the pipe. (Cheuk et al., 2006) 
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Figure 2.19 (a) Untrenched jetted pipeline; (b) Trenched jetted pipeline are the two cases 
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Figure 2.20 Variation in uplift capacity and uplift factor against consolidation time 
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Figure 2.22 Non-dimensional bearing capacity factors from load controlled tests. (Dunlap 
et al., 1990) 
 
 
Figure 2.23 Non-dimensional bearing capacity factors from displacement controlled tests. 
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Figure 2.24 Two different types of models focuses on the (a) first model focuses initial 
downward loading of the soil; (b) second model assumes that the unload-reload 
behaviour of the soil-pipe system to characterize soil spring. (Bridge, 2004) 
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Figure 2.26 Stiffness ratios for load controlled tests. (Clukey et al., 2005) 
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Figure 2.29 Fatigue damage of riser at touchdown point for different soil models. (Clukey 
et al., 2007) 
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Chapter 3  





This chapter discusses the concept of centrifuge modelling technique and its advantages 
and disadvantages in modelling the pipe-soil interaction problem. The experimental setup 
including model pipeline, instrumentation, sample preparation and experimental 
procedures are discussed. A series of test results to verify the centrifuge model 
experimental setup will be discussed; these included undrained shear strength of the 
model ground, boundary effects and determining the steady state response of cyclic 
loading. 
 
3.2 Centrifuge Modelling 
3.2.1 Why centrifuge? 
For general undrained geotechnical problems in clay, 1g laboratory tests with reduced 
scale models should be able to provide a proper modelling with reliable results. It is well 
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known that the behaviour of undrained clay depends more on the cohesive shear strength 
which is stress independent. However, in the present study of pipe-soil interaction, 1g 
modelling technique has several limitations. 
 
Owing to the inability to generate appropriate stress levels as those in the field, soil 
backflow may not take place or may only occur at a larger pipe penetration depth. As 
discussed in Section 2.3.1, dimensional similarity of su/ρsgD has to be maintained in the 
model. When the su/ρsgD ratio in the prototype is low, a satisfactory dimensionally similar 
model cannot be easily achieved in the small-scale model due to the difficulties in 
handling extremely soft soil. If the prototype clay is used, the dimensionally dissimilar 
model could lead to considerable underestimation of prototype uplift resistance as the 
contribution of soil weight increase substantially at low su/ρsgD ratios. 
 
Hossain (2004) states that during extraction of an embedded object, it is believed that the 
presence of soil backflow above the object would provide a seal against transient suction 
developed at the base during uplift. 
 
The above limitations of 1g model can be overcome by conducting the tests in a 
centrifuge in which the prototype stresses can be simulated. Since clay is used in the 
present study, centrifuge modelling will speed up the consolidation process of clay by N2 
times where N is the acceleration level; providing another significant advantage over 1g 
model. In addition, the typical normally consolidated clay or overconsolidated clay 
profile in the field, as discussed in Section 2.1.3, could be replicated easily in the 
centrifuge as the effective stress increases linearly with depth at the end of consolidation. 
As such, the adoption of centrifuge modelling justifies the simulation of a prototype pipe 
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3.2.2 NUS Geotechnical Centrifuge 
The centrifuge model tests presented in this report were conducted on the beam 
centrifuge at National University of Singapore, see Figure 3.1. The working area of the 
platform is 750 mm x 700 mm and the headroom available is 1200 mm. The 2-m radius 
centrifuge is designed for a payload capacity of 40 g-tonnes. A stack of 100-tracks silver-
graphite slip rings is mounted on top of rotor shaft for power and signal transmission 
between the centrifuge machine and the control room. Detailed information regarding 
NUS geotechnical centrifuge can be found in Lee et al. (1991) and Lee (1992). 
 
3.2.3 Centrifuge scaling laws and model error 
The scaling relationships between the model and its prototype can be derived either by 
dimensional analysis or by considering the governing equations and system mechanics. A 
standard basic scaling law is needed to ensure the consistency response between the 
model and the prototype. The detailed scaling relations are shown in Table 3.1. 
 
Unlike the earth’s gravity which is uniform throughout the depth, the acceleration field 
simulated in a centrifuge model varies in both magnitude and direction. This is because 
the inertial acceleration field in centrifuge is given by ωg2r where ωg is the angular 
rotational speed and r is the radius to any element in the soil model. However, the error 
due to this shortcoming can be minimised by taking the stress between the model and the 
prototype at two-third model depth (Taylor, 1995). Based on this rule, the error due to 
non-linear stress distribution for this study is less than 2.8%. 
 
3.3 Experimental Setup 
All the centrifuge experiments in the present study were carried out on the NUS 
geotechnical centrifuge. The 2-m radius centrifuge has a payload capacity of 40 g-tonnes 
and can spin up to a maximum acceleration of 200g. Owing to high payload of the 
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current experimental setup, the maximum acceleration is limited to 100 times 
gravitational acceleration.  
 
3.3.1 Model container, loading frame and actuators 
Figure 3.2 shows the schematic drawing and photograph of the rectangular model 
container and loading frame used in the present study. It has internal dimensions of 500 
mm x 300 mm x 450 mm. The loading frame mounted on top of the container is a 
stainless steel frame on which two double-acting hydraulic cylinders and the 
corresponding potentiometers are fixed. The first hydraulic cylinder serves as the main 
loading actuator having a stroke length of 300 mm with a piston bore of 75 mm diameter 
and a piston rod of 37.5 mm diameter. At the maximum working pressure of 70 bars 
available in the NUS centrifuge, the hydraulic cylinder is capable of providing maximum 
compression and tension capacities of 4.0 and 2.3 tonnes, respectively. The second 
cylinder with a stroke length of 250 mm and smaller piston size is provided to perform 
in-flight shear strength profiling. Each cylinder is coupled with a displacement transducer 
of similar stroke length to control the cylinder movement. Both cylinders are working 
individually with each controlled by a servo valve system mounted on the centrifuge arm. 
 
Water valve is attached to the base of the container to allow water circulation which in 
turn simulates a double drainage consolidation process. This will significantly reduce the 
time required for clay consolidation. During the experiment, the water valve was closed 
to generate a one-way drainage path as in field condition. This enables a proper 
modelling of normally consolidated clay where the subsequent bottom drainage should 
occur far beneath the seabed surface. 
 
3.3.2 Model pipeline 
The model pipe used in the present study was made from a hollow stainless steel tube 
with 3 mm wall thickness, with Polytetrafluoroethylene (PTFE) fitted on both ends to 
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reduce side friction between the pipe and the perspex plates on the inner walls of the 
chamber, as shown in Figure 3.3. The surfaces of the model pipes were well polished to 
reduce the coefficient of friction. The outer diameters of the model pipe used in the 
present study were 30 mm and 50 mm. With its finishing length of 300 mm, the pipe 
fitted perfectly into the model container. The aspect ratios of the model pipes are 6 and 
10, which is sufficient to simulate plane strain condition as compared to the aspect ratio 
of T-bar penetrometer of 4 (Stewart & Randolph, 1991 & 1994). 
 
Two aluminium rods of 7 mm diameter were attached to the studs welded on top of the 
model pipe. The other end of the tie rod was attached to a 2.3 kN load cell manufactured 
by Interface Force, as shown in Figure 3.4. Both load cell readings were checked, such 
that equal magnitude should be recorded since the model simulates plane strain condition 
and to ensure uniformity of soil condition across the pipe longitudinal cross sectional area. 
The interior of the model pipe is specifically designed such that three pore pressure 
transducers (PPT) could be installed at various positions, as shown in Figure 3.5. These 
slots are modified Swagelok fittings screwed into the lower section of the model and 
served to mount and seal the PPTs. This is aimed to prevent water and soil from seeping 
through the slot under high bearing pressures particularly during pipe penetration. The tip 
of PPT is positioned as close to the pipe surface as possible. In order for the PPT to solely 
measure the pore water pressure, the PPTs and their porous stones are de-aired and 
saturated with water using suction prior the experiments. 
 
Figure 3.6 shows a photograph of the model pipe, T-bar penetrometer and mini camera 
mounted onto the loading frame then to the model container. The mini camera is to 
monitor the model ground surface real time and to ensure that the equipment and control 




                                                                               Chapter 3 Experimental Setup and Procedures 
  61  
3.3.3 Image capturing system 
Image capturing system was used to capture photographs during the model tests. The 
images are analysed using particle image velocimetry (PIV) to observe the failure 
mechanism. In front of the strong box, a U-shaped steel frame was fixed to the side wall 
of the centrifuge swing platform. The two corners of the cantilever frame were each 
connected through steel wire to the top part of the platform side wall to provide a vertical 
restraint. On top of the steel frame, cameras and spotlights were mounted. The spotlights 
were each mounted at the frame arm to provide uniformly distributed lighting across the 
soil sample throughout the test. Beside the main camera for image capturing, a miniature 
camera was also mounted to monitor the simulation. 
 
As shown in Figure 3.7, JAI CV-A2 progressive scan camera coupled with a Tamron lens 
was used to capture the test images at various stages. This camera was positioned about 
650 mm in front of the viewing window and centered with respect to the sample area. 
Despite the camera’s maximum grabbing speed of 15 frames per second, the capturing 
rate was set at 1 frame per second which was deemed sufficient for the tests. The camera 
was connected to a PC installed onboard of the centrifuge in which all the camera setting 
and data storage were made. Through a wireless connection, this PC was remotely 
controlled by another PC in the control room to activate image capturing in-flight. 
 
3.3.3.1 Photogrammetry correction 
Figure 3.8(a) shows an example of the digital image with black flock powder and black 
beads randomly texturing the clay face in object space. Control markers, each represented 
by a black dot on white square background, comprise a grid of 2 x 2 markers across the 
image of 1600 x 1200 pixels. A camera calibration was then carried out using the image-
space and object space coordinates of the control markers from which the extrinsic and 
intrinsic camera parameters were derived. With these parameters, a map of variation in 
image scale can be produced. Figures 3.8(b) and (c) show the maps of image scale 
variation for horizontal and vertical direction respectively. 
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Even though the image in Figure 3.8(a) appears non-distorted, Figure 3.8(b) shows that 
horizontally, the scale factor varies from 0.27 mm/pixel at the centre to more than 0.28 
mm/pixel at the left hand edge of the image. Likewise, the scale factor in vertical 
direction (Figure 3.8(c)) increases from 0.27 mm/pixel at the centre to around 0.28 
mm/pixel at the bottom edge. If a constant scale factor is assumed as the mean scale 
factor of 0.275 mm/pixel, this implies that displacement close to each side of the image 
would be over-estimated by 2%. Given the pixel size of the image captured, the 
discrepancy of 0.005 mm/pixel at each side, with respect to the mean scale factor, would 
lead to an error of 3 mm and 4 mm in the calculated coordinates near the horizontal and 
vertical sides of the image. This exhibits the potential limitation of the constant image 
scale assumption as well as highlights the importance of close range photogrammetry 
technique adopted in the present study. 
 
3.3.4 Sensors 
Various sensors used in the experiment are described briefly. Basically the measurements 
in the experiment are in terms of force, displacement and pore water pressure. 
 
3.3.4.1 Load cell 
As described in the previous section and shown in Figure 3.4, two Interface Force SML-
series miniature load cell with capacity of 2.3 kN in both compression and tension are 
used. They are attached at the end of tie rods to measure the total load acting at the pipe. 
This load cell has an accuracy of ±0.05% and a safe overload of 150%. Referring to the 
manufacturer certificate, the calibration factor is 2.83 kN/V with a 10V excitation and 
100-fold amplification. A similar calibration factor was also obtained from independent 
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Figure 3.9(a) shows a Midori linear voltage displacement transducer with 300 mm stroke 
length. Linear voltage displacement transducers with different stroke lengths and 
precision up to ±0.1% were used to measure the displacements. 100 mm and 50 mm 
potentiometers were rested on the model ground to measure the settlement. Two 300 mm 
potentiometers were mounted on the loading frame to monitor the displacements of the 
pipe and the shear strength profiling penetrometer. 
 
3.3.4.3 Pore pressure transducer (PPT) 
Figure 3.9(b) shows a photograph of Druck PDCR-81 miniature pore pressure 
transducers (PPTs) embedded in the model ground to measure pore water pressure. 
Besides that, three PPTs with maximum measurement of 1 bar were installed in the 
model pipe to measure the pore water pressure around the pipe, as shown in Figure 3.5. 
The nominal sensitivity of the PPT is 5.52mV/V/bar. 
 
3.3.5 Shear strength profiling 
In the present study, T-bar penetrometer was chosen as the shear strength profiling tool. 
Figure 3.10 shows a miniature T-bar penetrometer of 5 mm diameter and 25 mm length 
with a narrow shaft was used in the experiment to evaluate the undrained shear strength 
of the soil sample. The T-bar penetrometer comprises a lightly sand-blasted cylindrical 
bar that is attached perpendicularly to the rod. The soil resistance during the T-bar 
penetration was measured by a load cell situated immediately behind the bar. In principle, 
T-bar penetrometer forces the soil to flow around the cylindrical bar but minimising the 
volume of expansion due to insertion of the shaft so as to minimise the correction 
required for the measured resistance due to overburden stress (Watson et al., 1998). 
Though the penetrometer shaft occupies a certain area with respect to the projected cross-
bar area, the correction for the total resistance is therefore not customary since it is only a 
small fraction (Chung & Randolph, 2004). The deduced shear strength, su is obtained 
from Equation 2.14. For general use, Randolph and Houlsby (1984) recommended an 
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intermediate value of 10.5 with an error less than 13% between the upper and lower 
limits. 
 
The T-bar penetrometer was installed at a penetration rate of 3 mm/s. it is established that 
this rate is sufficiently fast to attain the process of penetration in undrained condition 
based on the velocity group parameter proposed by Finnie (1993). T-bar penetrometer 
eliminates the needs for pore pressure correction as well as overburden stress estimate as 
opposed to the use of cone penetrometer. In addition, the T-bar factor is theorectically 
well-established with a high level of confidence. 
 
3.4 Selection of displacement rate in centrifuge tests 
In offshore design, the wave response is usually approximated by sine-curve. However, 
the soil spring models proposed by various researchers usually only address the seabed 
stiffness. To fully describe the seabed response, the basic equation of motion for one-
degree-of-freedom system (Equation 3.1) could be used. 
 
 )(tFxkxcxM s =++ &&&        Equation 3.1 
 
where x is the displacement, M is the mass, c is the damping coefficient, ks is the stiffness 
and F(t) is the force function. It describes the response of the object with respect to the 
external force applied on it. xM &&  is the inertia term, xc& is the viscous term and xks  
associates the relation of system stiffness. Palmer (1999) proposed that inertia forces are 
proportional to ρv2H2 and forces related to pore pressure are proportional to vH3/k, where 
ρ is the density of the soil, v is the displacement rate, H is the drainage path and k is the 
permeability of the soil. ρkv/H can be used to measure the significance of inertia force to 
forces related to pore pressure. For example, a 355.6 mm (14 inch) diameter riser pipe 
cycling at 5 times diameter peak-to-peak amplitude in a clayey seabed of ρ=16 kN/m3 
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and k=10-9 m/s . Considering wave period of 5 s, ρkv/H would be 1.3x10-9, which shows 
that the inertia force is almost negligible as compared to the pore pressure force. 
  
In centrifuge modelling, there is no unique scaling relation for displacement rate of a 
moving object within the soil. As velocity, v, is dimensionally [L]/[T] where [L] is unit 
length, H, and [T] is unit time, t, a scaling factor derived for velocity is therefore 
dependent on the type of time selected. For example, if diffusion is the dominant 
phenomenon in a penetration process, taking it as the time component in the velocity 
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With respect to the above velocity scaling factor, a conflict arises if the prototype strain 
rate also needs to be preserved in the model. In view of this inconsistency, a crucial 
problem exists when the strain rate need to be modelled correctly in the simulation of 
riser touchdown problem. In the case of clay where diffusion is a major factor, the 
selection of displacement rate in fact determines the degree of drainage during loading. 
Several researchers (e.g. Craig & Higham, 1985; Finnie, 1993; Finnie and Randolph, 
1994) investigated the effect of penetration rate on fine grained soils. At very high rates, 
an increase in soil resistance will occur due to viscous effect. Likewise, due to partial 
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consolidation and the associated strengthening effect, the soil resistance will increase at 
low rates.  
 
In view of this phenomenon, to determine the degree of drainage during loading under a 
certain penetration rate, Finnie (1993) proposed a dimensionless velocity group defining 
local drainage conditions as vH/cv, where H is the length of drainage path and cv is the 
coefficient of consolidation. As shown in Figure 3.11, a transition region exists below 
which a drained condition occurs and above which viscous effects become noticeable. 
This study was then further extended for clay using cone penetrmeter, T-bar, or spudcan 
by several researchers (e.g. Watson and Suemasa, 2000; House et al., 2001; Randolph 
and Hope, 2004; and Barboza-Cruz and Randolph, 2005). The resulting curves compiled 
in Figure 3.12 show that for various shapes of penetrometer, general limits of drainage 
degree exist. Referring to the figure, it can be concluded that if vH/cv is below 0.01, 
drained behaviour governs while undrained behaviour dominates if vH/cv is above 10. 
 
Rattley et al. (2005) studied the effect of uplift rate of a plate anchor in clay in which the 
experimental results were verified with numerical simulations. Figure 3.13 shows that the 
uplift resistance increases with pullout velocity. The lower resistance at a low uplift rate 
is attributed to the dissipation of suction developed at the anchor base. Interestingly, after 
normalising the pullout velocity with the anchor width and coefficient of consolidation cv 
of the soil used in the study, the curves show that the drained and undrained regions fall 
within the same range as that for penetration (see Figure 3.12). This confirms that the 
above range of vH/cv is valid for both penetration and extraction. 
 
3.5 Sample preparation 
Malaysia Kaolin clay was chosen in this study. The physical properties are generally 
consistent to provide fairer comparison amongst tests. Its physical properties were 
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The sample was prepared using a similar method as those used by Goh (2003) and 
Purwana et al. (2005). Firstly, dry Kaolin powder was mixed with water at a water 
content of 120%. They were mixed together in a large mixer under vacuum where a 
constant suction is applied for 4 hours. At the end of mixing, fully saturated clay slurry 
was obtained. A 25-mm thick saturated sand was later placed at the base of the container 
which serves as the drainage layer. Silicon grease was applied on the entire vertical 
internal wall to reduce the friction between the wall and soil. The clay slurry was then 
carefully poured into the model container half filled with water. The clay slurry was 
placed under water to minimize the trapping of air bubbles. 
 
After the completion of slurry pouring, the sample was left overnight to undergo self 
weight consolidation under 1g. Subsequently, the soil sample was then moved into the 
centrifuge and subjected to self-weight consolidation for at least 8 hours to achieve 95% 
self weight consolidation. Three types of soil samples having increasing undrained shear 
strength with depth were being prepared in the present study. Soil samples of different 
overconsolidation ratios (OCR) of 1, 3 and 5 were used to simulate condition with 
different strength gradient. 
 
For the clay sample with OCR of 1, the clay slurry undergoes self weight consolidation 
under 20g. For the soil samples with OCR of 3 and 5, the clay slurry firstly undergoes 
self weight consolidation under 100g for 8 hours. Subsequently, the centrifuge package is 
spun down to 33.3g for soil sample with OCR = 3 and to 20g for soil sample with OCR 
of 5. They are then allowed to undergo swelling under respective g-level for 8 hours. 
Owing to the nature of consolidation for both clay samples, which the effective stress 
increases with depth, the undrained shear strength would increase with depth and will be 
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3.6 Experimental procedures 
In this study, all centrifuge tests were performed at an acceleration field of 20g for tests 
carried out in soil samples with OCR of 1 and 5, and 33.3g for tests carried out in the soil 
sample with OCR of 3. Hence the model pipe with 30 mm and 50 mm outer diameter 
corresponds to prototype diameter of 600 mm and 1000 mm respectively in 20g. Only 30 
mm outer diameter model pipe is used in the 33.3g test condition which is equivalent to a 
1000-mm prototype diameter. 
  
3.6.1 Repetitive pipe loading on model ground 
After the sample had achieved at least 95% degree of consolidation, the model pipe was 
penetrated into the model ground at a rate of 1 mm/s. Based on cv of 40 m2/year, drainage 
path, Dpath = 25π mm and v = 1 mm/s, the calculated velocity group parameter (vDpath/cv) 
is approximately 63. Therefore, the undrained condition has been preserved at a 
penetration and extraction rate of 1 mm/s.  
 
Immediately after the model pipe reached the desired depth, the model pipe was extracted 
at rate of 1 mm/s, the same as the penetration rate. After the model pipe was completely 
lifted out of the model ground, it was penetrated to the same penetration depth (3 times 
model pipe diameter) again. This repetitive penetration and extraction would continue 
until the load displacement response stabilised. Detailed results will be presented in the 
next chapter. 
 
3.6.2 T-bar penetrometer test 
To investigate the undrained shear strength profile of the model ground, T-bar 
penetrometer test was conducted at a position far from the intended pipe test position. In 
addition to that, consistency of the soil sample can also be checked so that parametric 
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The T-bar penetrometer test was performed before the pipe test was carried out. The 
penetration rate of the T-bar was 3 mm/s which gives an approximate calculated velocity 
group parameter, vDpath/cv, of 37. Therefore, the undrained condition has been preserved 
for the T-bar penetration test. 
 
3.7 Verification of Experimental Setup 
The experimental setup and procedures were verified through the investigation of model 
container’s boundary effect, repeatability of the sample preparation and experimental 
procedures. As mentioned previously, in order to optimise the test program, it is 
necessary to obtain an optimised number of cycles to be performed in order for the force–
displacement relationship to reach a steady state. 
 
3.7.1 Investigation of Boundary Effects and Repeatability 
As centrifuge model experiment is carried out in a model container of a finite space, the 
boundary effect of the model container is investigated by performing experiments at 
different locations. The force–displacement relationships of these tests are compared. The 
experimental setup needs to be designed to minimise the boundary effect of the model 
container. 
 
Tests V01L, V01R and V02 were carried out to investigate the model container’s 
boundary effect and the experimental repeatability. Figure 3.14 shows the positions of the 
pipe for Tests V01L, V01R and V02. Tests V01L and V01R were performed in the same 
soil sample. For Test V01L, the pipe was penetrated at position A and extracted 
immediately. Subsequently, the centrifuge package was spun down and the loading frame 
was manually shifted to position B. After that, the centrifuge was spun to 20g for 30 
minutes, which is equivalent to 200 hours in prototype scale to reconsolidate the soil 
sample. Upon completion of reconsolidating the model ground, the second test (Test 
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V01R) was performed at position B. The pipe underwent 5 cycles of vertical cyclic 
displacement with amplitude of 3 times diameter (equivalent to 1.8 m in prototype scale).  
 
For Test V02, the experiment was performed on a new soil sample. The loading frame 
was positioned at the centre of the model container as such the pipe penetration test was 
carried out at the middle of the model ground (position C in Figure 3.14). The pipe 
displacement sequence was the same as the second cyclic displacement test performed in 
Test V02. 
 
Figure 3.15 shows the force-displacement relationship of Test V01L and the first cycle of 
the cyclic displacement test from Tests V01R and V02. Despite the difference in 
amplitude of displacement, the force-displacement relationships of these two tests are 
approximately the same. It can be concluded that performing test using the 600 mm 
diameter prototype pipe, two tests can be performed at the same model ground without 
significant interaction and boundary effects. Besides, it is able to show the repeatability 
of the test results. 
 
3.7.2 Determination of Steady State Response 
Test V03 was carried out to determine whether the force-displacement relationship of the 
cyclic motion will become steady state. Similar to Test V02, the loading frame was 
positioned at the centre of the model container as such the pipe penetration test was 
carried out at the middle of the model ground. The pipe undergoes 24 cycles of vertical 
cyclic displacement with amplitude of 3 times pipe diameter (equivalent to 1.8 m in 
prototype scale). Figure 3.16 shows the plots of normalised maximum penetration load 
versus the number of cycles of Tests V01R, V02 and V03. The maximum penetration 
load is normalized against the maximum penetration load obtained from the first cycle of 
the respective test. It is evident that the force-displacement response becomes reasonably 
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3.8 Summary 
Centrifuge modelling enables the repeated loading of a pipe section on the seabed to be 
properly simulated in the present study. An apparatus for plane strain pipe tests has been 
developed for centrifuge test to be carried out using clay sample with various 
overconsolidation ratios. The model pipes were extensively instrumented to allow 
continuous stress measurement around the pipe. A progressive scan camera and an image 
processing system were adopted to investigate the soil movement patterns around the 
pipe. In addition, the model setup was equipped with in-flight penetrometer to 
characterise the undrained shear strength of the sample. The displacement rates have been 
selected to ensure undrained conditions prevail during the testing events. The adopted 
displacement measurement technique will also facilitate an accurate observation of the 
soil movement patterns associated with the pipe motion simulated in the centrifuge tests. 
 
The experimental setup and procedures established in the present study are believed to 
facilitate a thorough investigation into the riser-soil interaction problem in soft clay with 
increasing undrained shear strength with depth profile and provide a fundamental 
understanding of this issue. 
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Table 3.1 Scaling relations (after Leung et al., 1991) 
 
Parameter Prototype Model 
Linear dimension 1 1/N 
Area 1 1/N2 
Volume 1 1/N3 
Moment of inertia 1 1/N4 
Density 1 1 
Mass 1 1/N3 
Acceleration 1 N 
Velocity 1 1 
Displacement 1 1/N 
Strain 1 1 
Energy density 1 1 
Energy 1 1/N3 
Stress 1 1 
Force 1 1/N2 
Time (consolidation) 1 1/N2 
*N is the multiple of earth gravity 
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Table 3.2 Properties of Malaysia Kaolin clay (after Goh, 2003) 
 
Parameter Value 
Liquid limit, LL: % 80 
Plastic limit, PL: % 35 
Specific gravity, Gs 2.60 
Coefficient of consolidation (at 100 kPa), cv: m2/year 40 
Coefficient of permeability (at 100 kPa): m/s 2.0 x 10-8 
Angle of internal friction, φ’  23 









                                                                               Chapter 3 Experimental Setup and Procedures 
  74  
 
 
Figure 3.1 Schematic diagram of NUS centrifuge facility. 
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(a)                                                                                 (b) 
 
(c) 
Figure 3.2 Schematic diagram of (a) front view of model container; (b) side view of 
model container and (c) photograph of the model container with loading frame mounted 
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 Figure 3.3 (a) Schematic diagram of the 50 mm model pipe with pore pressure 
transducers mounted at different angular displacement and photographs of (b) 30 mm 
diameter model pipe; (c) 50 mm diameter model pipe. 
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Figure 3.4 Tie rod mounted with miniature load cell. 
 
 




Pore pressure transducers 
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Figure 3.6 Model pipe, T-bar and camera mounted onto the model container. 
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Figure 3.8 (a) Example of digital image taken for PIV analysis and example of image 
scale variation after photogrammetry correction in (b) horizontal and (c) vertical direction. 
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Figure 3.9 (a) Midori linear voltage displacement transducers with 300 mm stroke length 
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Figure 3.11 Effect of strain rate and partial consolidation on penetration resistance (after 
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Figure 3.12 Effect of penetration rate on penetrometers resistance in clay (after Barboza-
Cruz, 2005). 
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Figure 3.14 Positions of pipe test carried out in Tests V01L, V01R, V02 and V03.
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Force (kN/m) - Displacement (m) 

























Figure 3.15 Comparison of force – displacement relationship between Tests V01L, first 
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Chapter 4  






In this chapter, the results of centrifuge model tests on pipeline-soil interaction study are 
presented in detail. The result of a base case will be first presented and used to compare 
with those of subsequent parametric studies. Parametric studies on the effect of undrained 
shear strength gradient of soil, k, rate of pipe displacement, v, peak-to-peak cyclic 
amplitude, A, and water entrainment on pipeline-soil interaction problem will be 
evaluated. All the results are presented in prototype scale unless otherwise stated. It 
should be noted that, the amplitude of repeated loading motion, A, in all the tests was 
controlled by constant displacement rate unless otherwise stated. 
 
4.2 Test Programme 
Table 4.1 summarises the test programmes of the centrifuge model experiments and their 
respective objectives. In the first part of the test series, the repeated pipe motion was 
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carried out at shallower depth. Test S-A-01 is the base case for all subsequent parametric 
tests. In Test S-B-01, the amplitude of repeated loading motion, A, was controlled by 
maintaining the constant loading at the maximum penetration depth of first cycle. Soil 
samples with various OCR were used to study the effect of undrained shear strength 
gradient of the model ground in Tests S-C-01 and S-C-02. Subsequently, Tests S-D-01 
and S-D-02 were carried out to investigate the effect of displacement rate of the pipe. 
Tests S-E-01 and S-E-02 were carried out using different cyclic motion and amplitude.  
 
In the second part of the test series, the focus is to carry out the repeated loading at 
greater embedment depth to investigate the effect of water entrainment, as presented by 
Test D-F-01. Lastly, Tests D-G-01 and D-G-02 focus on the effect of cyclic period. All 
experiments were conducted at 20g unless otherwise stated.  
 
4.3 Undrained Shear Strength Profile of Model Ground 
Before the discussion of test results, the undrained shear strength profile of the soil 
samples used in the experiments will first be presented. Figure 4.1 shows the undrained 
shear strength profiles of the model ground. The measured undisturbed shear strength 
increases almost linearly with depth and can be expressed by the following relationships: 
 
 su = 1.39 z (for normally consolidated model ground, OCR = 1)    Equation 4.1 
 su = 3.72 z ( for overconsolidated model ground with OCR = 3) 
 su = 5.19 z (for overconsolidated model ground with OCR = 5) 
where z is the depth below the model ground. 
 
The undrained shear strength profile of the undisturbed model ground can be predicted 
from the modified cam clay parameters M, λ, κ and OCR value of the clay, as shown in 
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σ           Equation 4.2 
where λ
κλ −=Λ  







su is the undrained shear strength of the clay, σv’ is the effective vertical overburden 
pressure of soil, φ’ is the effective friction angle, λ is the slope of normal compression 
line in ν versus ln p’ plane, κ is the slope of unloading-reloading line in ν versus ln p’ 
plane and OCR is the over-consolidation ratio. Based on the parameters presented in 
Table 3.2, an empirical relationship of 572.1=zsu is deduced for the normally 
consolidated clay, 714.3=zsu  and 544.5=zsu  for the overconsolidated clay with 
OCR of 3 and 5, respectively. 
 
T-bar penetrometer tests were performed in all the tests. The measured undrained shear 
strengths of the model grounds are noted to be consistent. However, they are generally 
lower than the one predicted by the above empirical expressions. The Nc factor for T-bar 
was formulated based on a homogeneous soil strength profile while the model ground 
simulated in the present centrifuge model tests increases linearly with depth. This 
difference might have caused the difference which will be further investigated through 
limit analysis in Chapter 6. 
 
It is also important to note that T-bar measurements are typically interpreted to give an 
estimate of soil strength in a simple shearing mode. The MCC model is fairly successful 
in predicting strength in triaxial compression, but is not generally capable of simulating 
the kind of anisotropic behaviour that can predict simple shear strength. Since simple 
shear strength for a normally consolidated clay is typically less than triaxial compression 
strength, MCC calculations exceeding the T-bar strength seems almost inevitable. 
 
 
                                                                                                   Chapter 4 Centrifuge Test Results 
  92  
4.4 Pipeline-soil Interaction 
In this section, the results from the base case will be presented. Owing to the fact that the 
undrained shear strength of normally consolidated model ground sample is very low and 
difficult to handle, the base case, Test S-A-01, was performed using overconsolidated 
model ground sample with OCR=5. It is believe that this OCR would yield the most 
consistent outputs. Details of the test are given in Table 4.1. In this test, the model pipe 
diameter used was 50 mm. This larger pipe diameter was adopted to facilitate the 
installation of pore water pressure transducers while maintaining the one-piece feature of 
the model pipe. The test was conducted at 20g resulting in a prototype pipe diameter of 1 
m. The force presented hereinafter is the net vertical load per unit length, excluding the 
submerged weight of the pipe. In addition, negative loading denotes penetration 
resistance and the pipe embedment depth is the difference in the elevation between the 
pipe centre and the original ground surface. Unless otherwise stated, all the test results 
are presented in prototype scale hereinafter. The pipe embedment depth, w, is defined as 
the distance between the pipe centre and the ground surface, as shown in Figure 4.2. 
 
4.4.1 Force – displacement relationship 
Figure 4.3 shows that the total force – displacement relationship involving (1) penetration, 
(2) extraction and (3) repetitive process of penetration and extraction.  During penetration, 
a maximum compressive load of 113 kN/m was recorded upon reaching the target 
embedment depth of 3.0 m at a constant model penetration rate of 1 mm/s. The pipe was 
immediately extracted and a maximum uplift resistance of 43 kN/m was mobilised (refer 
to Point C in Figure 4.3) at an uplift displacement of 0.35 m. Upon further extraction, the 
uplift resistance depleted gradually to zero from Point C to Point D. The trend of the 
observed load-displacement response during the initial penetration and extraction is 
similar to the non-linear load-displacement model proposed by Clukey et al. (2007) 
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Subsequently, the process of penetration and extraction is repeated to the same target 
embedment of 3 m for another 11 cycles. From the second cycle onward, the penetration 
resistance only started to increase after the pipe had embedded 0.5 m. This indicates that 
a soil trench of 0.5 m high might have been formed during the first pipe penetration. This 
phenomenon will be further examined in Chapter 5 through a visualisation of soil 
displacements at various pipe simulation stages at the first cycle. The shape of the load-
displacement response during the initial penetration and extraction is comparable to the 
non-linear model shown in Figure 2.12. Significant tensile resistance is encountered 
during the uplift phase of the first cycle. As shown in Figure 4.3, while the number of 
cycle increases, the maximum penetration resistance and maximum extraction resistance 
decrease, probably because of heavy remoulding of the soil due to the large amplitude of 
cyclic displacement and cavity collapse. To facilitate a comparison among various cycles, 
the maximum penetration and uplift resistances of each cycle are normalised by the 
maximum penetration resistance obtained from the first cycle. The plot of normalised 
penetration and uplift load degradation versus number of penetration/uplift cycle shown 
in Figure 4.4 reveals that both the maximum penetration and uplift resistances degrade 
sharply within the first few cycles. The load degradation stabilises after about 8 load 
cycles. It is evident that there is 10% difference between the penetration and uplift 
resistance throughout the cyclic test.  
 
The above load-displacement responses reveal that the backbone curve for both 
penetration and uplift degrade as the number of load cycle increases has not been 
captured in the previous models proposed by Bridge et al. (2004) and Aubeny et al. 
(2008). Breakout displacement is defined as the uplift distance required to mobilise the 
maximum uplift resistance. The breakout displacement during uplift increases with the 
number of cycles as shown in Figure 4.3, which in turn reduces the secant stiffness 
commonly used to characterize the seabed spring stiffness in existing SCR design 
methods (Section 2.2.3.2). This observation also shows that the non-linear soil spring 
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model which includes uplift resistance presented by Bridge et al. (2004) and Clukey et al. 
(2007) would be more realistically model the field condition. 
 
As illustrated in Chapter 2, riser-soil interaction is categorised as high cycle fatigue 
problem. Using a non-linear soil spring model in the numerical analysis of global riser 
analysis characterised by the load-displacement profile at steady state (>8 cycles in Test 
S-A-01) would be more representative than that of the first cycle’s profile. The 
implication would be that even using a non-linear soil spring which includes tensile soil 
stiffness to account for pipe uplift resistance, the predicted riser fatigue damage would 
actually be lower than those predicted by Clukey et al. (2007). Furthermore, as observed 
in Test S-A-01, the penetration and extraction resistance do not reach zero at steady state 
which suggests that the seabed would still be able to absorb the energy and thus reducing 
the accumulation of fatigue damage in the riser pipe. A comparison of the experimental 
results with existing solutions on bearing capacity factor will be presented in Chapter 6. 
 
4.4.2 Pore water pressure response 
Figure 4.5 plots the pore water pressures at different elevations of the pipe base (Figure 
4.6) versus pipe embedment depth. The respective hydrostatic pressure line is also plotted 
in the figures and compared with the measured pore water pressure. During the first cycle 
pipe penetration, positive excess pore pressure was induced once the respective 
transducer was in contact with the soil. The deviation from hydrostatic pressure indicates 
the moment at which the pipe touches the soil and starts to exert a bearing load, and thus 
begins to induce excess positive pore water pressure below the pipe.  
 
Upon first pipe extraction, the pore water pressures beneath the pipe decreased rapidly 
and soon fell below hydrostatic pressure. The magnitude of negative excess pore water 
pressure was noted to be the greatest at the centre and decayed radially outwards, as 
shown in Figure 4.5. The maximum negative excess pore pressure for the 3 transducers 
occurred at different times. At the pipe base, this took place at 0.25 m pipe uplift 
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movement, see Figure 4.5(b). For PPT1 which was at 30o off vertical at the pipe base, 
Figure 4.5(a) reveals that the maximum negative pore pressure took place at 0.33 m uplift 
movement. For PPT3 which is closer to the pipe centre (Figure 4.5(c)), the maximum 
pressure took place at a considerably higher uplift displacement of 1.1 m. After peaking 
upon pipe breakout, the pore water pressures remained practically constant (as indicated 
by the almost vertical lines in Figure 4.5) for some further uplift movements. As 
postulated in Chapter 2, pipe soil cohesion does not exist after the breakout. Therefore, 
the experimental results have shown that as the radial displacement increases, the pipe is 
still in contact with the soil and the soil cohesion contributes to the uplift resistance. 
Higher up towards the centre of the pipe, the soil cohesion exists for longer period of 
time thus results in increasing breakout displacement. 
 
In subsequent penetration/uplift cycles, the magnitude of total pore water pressure 
decreases towards the hydrostatic pressure. This is possibly due to soil remoulding and 
partial drainage occurring allowing excess pore water pressure to dissipate quickly. The 
peak breakout force became smaller in magnitude after the first cycle. Unlike the first 
cycle, the pore water pressures did not remain constant as the pipe continued to move 
further upward.  
 
As soon as the target pipe embedment depth was reached, extraction of the pipe was 
carried out; all the pore water pressures beneath the pipe rapidly decreased and fell below 
the hydrostatic pressure. At this stage, the suction (negative excess pore water pressure) 
was greatest at the centre and decayed distinctly radially outwards. After peaking during 
the pipe breakout, the pore water pressures remained nearly constant (indicated by the 
vertical line in the curve) as the pipe continued to move further upward. Upon further 
upward movements which caused the pipe to leave the model ground, the suction broke 
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As shown in Figure 4.5, the breakout displacement is 0.25D for PPT2, 0.33D for PPT1 
and 1.1D for PPT3. The breakout displacement increases from the bottom of the pipe 
towards the centre of the pipe. As postulated in Chapter 2, the two components at the 
bottom of the pipe that contribute to the uplift resistance are cohesion and negative pore 
water pressure which creates a downward force and these two components do not exist 
together. From the experimental results, as the radial displacement increases, the pipe is 
still in contact with the soil and the soil cohesion contributes to the uplift resistance. 
Higher up towards the centre of the pipe, the soil cohesion exists for a longer period of 
time thus results in increasing breakout displacement. 
 
As the number of cycle increases, the magnitude of total pore water pressure decreases 
towards the hydrostatic pressure. One possible reason is that the soil at the penetration 
zone has been heavily remoulded. It is also possible that partial drainage occurs at this 
zone which allows excess pore water pressure to dissipate quickly. The peak suction 
breakout force becomes less obvious after the first cycle. Unlike the first cycle, the pore 
water pressures do not remain nearly constant as the pipe continues to move further 
upward. This observation reinforces the idea that the degradation of soil suction increases 
with the number of load cycle. 
 
To further interpret the 3 pore pressure transducer responses, the net water force beneath 
the pipe can be determined by integrating the pore water pressure measurements over the 
proportional base area using Simpson’s rule. Assuming symmetry along the pipe vertical 
centre, the locations of the pore water pressure readings used to calculate the total force 
contributed by excess pore water pressure in term of reference angle are shown in Figure 
4.6. By assuming that when angular displacement θ = 90o, excess pore water pressure P = 
0 kPa. The total force contributed by excess pore water pressure, FEPP, can be 





θθ dBBFEPP ∫ +=         Equation 4.3 
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where FEPP is the total force contributed by excess pore water pressure (kN/m) 
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i θθ  
 Pi Excess pore water pressure corresponds to the angular displacement, θi 
 θi Location of PPTs, θ1 = 0o, θ2 = 30o, θ3 = 60o, θ4 = 90o 
 
The resultant force per meter length due to the excess pore water pressure at different 
embedment depths during penetration and extraction can be calculated and the result is 
shown in Figure 4.7. Negative water force denotes the suction force between the pipe 
base and the soil. For the first cycle, the pore water pressure force component increases 
approximately linearly with the embedment of pipe until the pipe reaches the target 
embedment depth. As extraction is carried out, the pore water pressure drops rapidly 
towards opposite magnitude which implies that a downward force due to the negative 
pore water pressure is generated below the pipe. The negative pore water pressure peaked 
at about 0.5 m pipe uplift displacement and maintained constant negative excess pore 
water pressure of 28 kN/m for the further 0.7 m displacement. It continues to decrease as 
the pipe continues to move upward. 
 
From the second cycle onwards, the positive force during the penetration phase only 
started to increase after the pipe penetrated 0.5 m. This is consistent with the earlier 
interpretation of trench formation during the first penetration cycle. Figure 4.7 reveals 
that during all cycles, positive net water force was generated during penetration. On the 
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other hand, suction generated during extraction reduced rapidly with increasing number 
of penetration/uplift cycle. The pipe uplift displacement required to mobilize the 
maximum suction increased with number of penetration/uplift cycle. After about 8 cycles, 
the pipe uplift displacement corresponding to maximum suction reached a steady state at 
1.8 m. 
 
It is intriguing that the negative excess pore water pressure maintained at a constant value 
after peaking at 0.5 m uplift displacement in the first cycle. This magnitude of negative 
excess pore water pressure could well represent the limiting suction that could be retained 
by the soil. In the experiment, the pipe uplift process commence immediately after the 
penetration. At the beginning of the pipe uplift, the soil at the pipe invert was in contact 
with the pipe. It exerts downward surface traction force onto the pipe. If a reverse bearing 
capacity failure mechanism was mobilised at the bottom of the pipe, the surface traction 
force should be in equilibrium with the uplift resistance provided by the uplift failure 
mechanism. As the pipe continued to be lifted, the shearing strain induced at the reverse 
bearing failure would increase which implied a larger magnitude of shearing resistance 
provided by the reverse bearing failure. When the shearing resistance from the reverse 
bearing failure is greater than the surface traction at the bottom of the pipe, pipe soil 
separation would occur. Soil adhesion would no longer provide uplift resistance, as 
illustrated in Section 2.3.1.  
 
If the relative velocity of the soil block below the pipe was lower than the uplift rate of 
the pipe due to pipe-soil separation, soil beneath the pipe would experience pore water 
pressure lower than the hydrostatic pressure given the soil was fully saturated. The 
difference between the pore water pressure and hydrostatic pressure would induce 
downward force onto the pipe which in turn contributed to the uplift resistance. 
Resistance due to the difference in pressures should be in equilibrium with the resistance 
provided by the reverse bearing failure of the soil beneath the pipe, but limited by the 
maximum suction could be attained by the soil. As described previously, at pipe 
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embedment of 2.5 m to 1.8 m (Figure 4.7), the magnitude of suction experienced at the 
bottom of the pipe was constant which explains that the resistance provided by the 
reverse bearing failure could be higher than the maximum suction that could be attained 
by the soil. As the pipe continued to be lifted, the soil strength at the shallower depth was 
lower because the soil strength simulated in the experiment was increasing with depth. As 
the soil strength decreased, the magnitude of resistance provided by the reverse bearing 
failure would decrease which attributed to the decrease of the pressure difference 
experienced at the pipe invert.  
 
This phenomenon will be further investigated by observing the soil movement around the 
pipe as the pipe displaces. As described in Chapter 3, the soil movements are quantified 
by analysing sequence of pictures captured at 1 second interval using GeoPIV. The 
results will be presented in Chapter 5. 
 
4.4.3 Evaluation of Uplift Resistance 
Figure 4.8 shows the different force components in an uplift problem of pipe. Fu is the 
total uplift resistance, W is effective weight of the object, Ws is effective weight of soil 
being lifted, R is soil resistance along the shearing plane and Pw is the force resulting 
from pore pressure difference from the hydrostatic pressure. Fadt and Fadb is the soil 
adhesion force at top and bottom of the pipe. These units should be expressed in the 
quantity of per meter length of pipe. 
 
By considering vertical equilibrium of the pipe and the soil cover on top of the pipe, the 
total uplift resistance, Fu, can be expressed as: 
 
   Fu = W + Ws + Rv + Fadb + Pw                             Equation 4.4 
 
where Rv is the vertical component of the shearing component at the slip plane. The W 
term can be omitted since the net total load reading obtained from test result excludes the 
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effective weight of the object. Since Equation 4.4 considers the pipe and soil cover above 
the pipe as a body, thus Fadt is an internal force and need not be considered for the 
computation of Fu. Thus, equation 4.4 can be simplified as follow 
 
Fu = Ws + Rv + Fadb +Pw                      Equation 4.5 
 
When pipe-soil separation occurs at the pipe base, the adhesion term, Fadb, is zero. As 
such, Equation 4.5 can be further simplified as 
 
Fu = Ws + Rv + Pw                                Equation 4.6 
 
The sum of Ws and Rv will be termed as the uplift resistance contributed by soil, Rsoil. The 
term Fu is represented by the total load-displacement profile (obtained from the load-
displacement profile of Figure 4.3) and term Pw is represented by the total force induced 
by pore water pressure difference (deduced from the net water force in Figure 4.7). 
Subtracting the Pw term from Fu will yield the uplift resistance contributed by soil, Rsoil. 
 
Figure 4.9 plots the calculated soil resistance at different embedment depths during pipe 
extraction. During the first pipe extraction, the soil resistance component decreases to 
nearly zero when the pipe is extracted to the embedment depth of one pipe diameter. It is 
possible that the soil at the shallower depth was heavily remoulded that it has almost 
negligible shearing resistance, and this also implies that the effective weight of the soil 
cover is almost negligible. 
 
During extraction of the pipe, the magnitude of the Rsoil does not change with the number 
of load cycles. This may be due to heavy remoulding at the influence zone during the first 
penetration which causes the soil to possess only residual strength. This observation 
implies that the degradation of extraction resistance is purely due to the change of 
resistance at the bottom of the pipe. Owing to soil remoulding, the magnitudes of Rsoil 
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remain fairly constant at different penetration depths for all penetration/uplift cycles. This 
observation implies that the reduction in pipe uplift resistance is solely due to the change 
of resistance at the bottom of the pipe. This observation is consistent with that of 
Purwana et al. (2005) that the uplift resistance in soft soil above a model jack-up spudcan 
remains fairly constant and the main change in the spudcan uplift resistance occurs 
beneath the spudcan due to development of suction between the soil and the foundation 
base.   
 
4.5 Parametric studies 
In this section, the effect of loading control mode, soil strength gradient, displacement 
rate, cyclic amplitude, water entrainment and cyclic period on riser-soil interaction 
problem will be investigated. The detailed test program is presented in Table 4.1. 
 
4.5.1 Effect of pipe loading mode 
In Test S-A-01 (base case), the amplitude of the cyclic motion was fixed by a pipe 
displacement of 3 m (3D). In the field, the loading mode on a riser pipe subjected to 
repetitive wave motion may neither be displacement nor load control. In order to 
investigate riser-soil interaction under load-control cyclic motion, Test S-B-01 was 
conducted by terminating the pipe penetration of subsequent cycles only when the pipe 
resistance of the first cycle was reached. As a result, the penetration depth for each cycle 
is not necessary the same. In Test S-B-01, the test was conducted at 20g in normally 
consolidated clay with a model pipe diameter of 30 mm, resulting in a prototype pipe 
diameter of 0.6 m. Although the pipe diameter for Tests S-A-01 and S-B-01 is different, 
the trend of the pipe load-displacement response obtained from the two tests should 
provide a qualitative difference in the riser pipe performance subject to load control and 
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Figure 4.10 shows the total force – displacement relationship of Test S-B-01. As 
expected, the trend of the first cycle response is similar to that of Test S-A-01 with 
penetration resistance increasing almost linearly with pipe embedment. Pipe extraction 
was then carried out immediately upon reaching the final embedment depth. It is evident 
that the pipe uplift resistance was mobilised instantaneously and soon reached the 
maximum uplift resistance. By keeping the same penetration resistance, the pipe 
embedment depth increased with the number of penetration/uplift cycle. After 5 
penetration/uplift cycles, a steady state was reached with very similar load-displacement 
profiles and a final pipe embedment depth of about 2.1 m. 
 
Upon reaching the steady-state, two additional cycles were carried out, denoted as the 
11th and 12th cycle in Figure 4.10. The load increases sharply as the pipe over-penetrated 
the final pipe embedment of the last cycle, up to 2.3D as shown in Figure 4.10. In the 
next cycle, the pipe was over-penetrated to final pipe embedment of 2.7D. Load 
degradation was observed up to 2.3D as compared with the previous cycle. However, the 
response does not increase sharply during over-penetration as shown previously in the 
last cycle. 
 
Figure 4.11 shows the maximum pipe penetration depth and incremental penetration 
depth versus number of penetration/uplift cycle for the first 9 cycles. The incremental 
penetration depth refers to the difference between the pipe penetration of adjacent cycles. 
The results reveal that the incremental pipe embedment depth decreases with increasing 
penetration/uplift cycle. This observation appears to contradict Clukey et al. (2005)’s 
observation that the incremental pipe displacement increases with number of 
penetration/uplift cycle. 
 
The decrease in incremental maximum pipe embedment can be explained by the fact that 
the experiment is carried out in soil sample with undrained shear strength increasing with 
depth. However, it is evident that the soil strength underneath the maximum pipe 
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embedment increases with number of cycles. Assuming that the penetration resistance of 
the first cycle is linearly increasing with the depth, the maximum penetration resistance 
of the 10th cycle would be about 70% higher than that of the predicted value. This can be 
explained by the fact that the zone underneath the pipe maximum embedment depth is 
being repeatedly loaded which builds up excess pore water pressure. Excess pore water 
pressure from the zone underneath the maximum pipe embedment might have migrated 
to the heavily remoulded zone above it which causes the effective stress to increase and 
thus increase in soil strength. 
 
As presented in Chapter 2, previous models proposed by Bridge et al. (2004) and Aubeny 
et al. (2008) assumed a backbone curve that do not change with number of load cycle. 
They predicted that the load penetration profile would resume to the backbone curve if 
over-penetration of pipe occurred. It would be true if the soil remains as undrained 
material over the number of load cycles. However, in the case of riser-soil interaction 
problem which is categorised as a high cycle fatigue problem, it is very likely that pore 
water pressure will migrate and the assumption of undrained material may not be valid. 
As such, it is suggested that migration of pore water pressure should be accounted in the 
modelling of soil spring as the seabed stiffness below the cycling zone would affect the 
riser fatigue analysis. 
 
The load-displacement response also shows that the increase in penetration and extraction 
resistances was more profound as the number of load cycles in the shallower is higher 
comparing the increase from 9th to 10th cycle and 10th to 11th cycle (Figure 4.10). The 
interaction model proposed by Bridge et al. (2004) is more appropriate for the prediction 
for the latter case. It suggests that the magnitude of increase in resistances might be a 
function of time. Because the permeability of clay is relatively low, excess pore water 
pressure would need time to dissipate. As the time for pore pressure diffusion increases, 
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4.5.2 Effect of gradient of undrained shear strength 
As stated earlier, three soil strength profiles were tested in the present study. Tests S-C-
01 and S-C-02 are compared with Test S-A-01 to investigate the effect of undrained shear 
strength gradient. For Test S-A-01, the soil sample was consolidated at 100g and allowed 
to swell at 20g and thus creating a soil profile with OCR of 5. For Test S-C-01, the soil 
sample was consolidated at 20g and thus with OCR of 1. In Test S-C-02, the soil sample 
was consolidated at 100g and then swelled at 33.3g and the soil sample has an OCR of 
approximately 3. In Tests S-A-01 and S-C-01, 50 mm model pipe was used; while in Test 
S-C-02, 30 mm model pipe is used. As such, their prototype dimensions are the same. 
The displacement rates of these three tests were different in order to maintain the 
similarity of dimensionless group (vD/cv) which determines the pore pressure dissipation. 
 
Figure 4.12 shows the force – displacement relationship of Tests S-C-01 and S-C-02. 
Similar to base case Test S-A-01, the penetration resistance increases approximately 
linear with embedment depth for both tests which are similar to the base case. Test S-A-
01 reveals a maximum penetration resistance of 113 kN/m while Tests S-C-01 and S-C-
02 register a maximum resistance of 46 kN/m and 89 kN/m, respectively, at the same 
target embedment depth. 
 
Uplift resistance was mobilised instantaneously upon first pipe extraction. For Test S-A-
01 a peak uplift resistance peaked of 43 kN/m was recorded at an uplift displacement of 
0.2 m. For Test S-C-01, the maximum uplift resistance of 14.3 kN/m was recorded at 
larger uplift displacement of 0.5 m. Lastly for Test S-C-02,  the uplift resistance peaked 
at 43 kN/m with corresponding breakout at 0.5 m.  
 
Figure 4.13(b) plots the degradation of maximum penetration resistance normalised by 
the maximum penetration resistance of the respective first cycle with the number of 
penetration/uplift cycle for Tests S-A-01, S-C-01 and S-C-02. It is evident that the degree 
of degradation of clay with higher undrained shear strength gradient, k, is higher as 
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shown. In Tests S-A-01 and S-C-02, the overconsolidated clay dilates upon shearing and 
remoulding during the first cycle causes the reduction in undrained shear strength. While 
in Test S-C-01, the normally consolidated clay does not undergo dilation and only 
remoulding occurs thus the reduction in undrained shear strength is not as significant as 
those of Tests S-A-01 and S-C-02. It is also important to note that, during every 
extraction phase, the model pipe is withdrawn completely out of the model ground which 
allows free surface water to enter the trench. Water entrainment will further aggravate the 
degree of softening of the overconsolidated clay due to the availability of additional 
surface water to be absorped during the shear dilation. 
 
Comparing the extraction phase of cycles in Figures 4.12(a) and (b), the pipe uplift 
resistance in Test S-C-01 becomes almost negligible at the end of the cycles. As 
postulated in Test S-A-01, the soil shearing resistance and soil effective weight do not 
change with the number of cycle. Thus, the reduction in uplift resistance is due to the 
diminishing suction force underneath the pipe. This also implies that the shearing 
resistance in the soil is almost zero which shows that the clay has undergone heavy 
remoulding. As for Test S-A-01, although the clay has undergone heavy remoulding, the 
undrained shear strength of the neighbouring clay does not change much and there exists 
residual shearing resistance at the slip line which explains why the pipe uplift resistance 
for overconsolidated clay does not reduce to the magnitude observed in Test S-C-02 at 
steady state. This postulation also explains the reason why the degradation of penetration 
loads in Test S-A-01 does not approach the one of Test S-C-01, although both model 
grounds are heavily remoulded at the end of the test, as shown in the load degradation 
plot (Figure 4.13). 
 
The test results reveal that degree of load degradation increases with OCR. As reported in 
Chapter 2, both normally consolidated and overconsolidated clay are equally 
predominant in the deep water environment. The effect of OCR on strength degradation 
ratio should be considered when the load-displacement response at steady state is used to 
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analyse the SCR fatigue damage. However, in the absence of information on the clay’s 
OCR, the lower load degradation ratio corresponds to the normally consolidated clay can 
be used to reduce the conservatism of the fatigue damage prediction. Various methods to 
predict penetrating the cylinder’s resistance are presented in Chapter 2. Comparison 
between these predictions and test results will be presented in Chapter 6. 
 
4.5.3 Effect of displacement rate 
To investigate the effect of riser pipe displacement rate on riser-soil interaction, Tests S-
A-01, S-D-01 and S-D-02 were carried out with a displacement speed of 1 mm/s, 3 mm/s 
and 6 mm/s, respectively. Details of these tests are presented in Table 4.1. By using 
Equation 3.1 proposed by Finnie (1993), the dimensionless velocity group parameter for 
Test S-D-01 is 372 and for Test S-D-02 is 743. Both values are well above the limiting 
value where undrained shearing condition is preserved. 
 
Figure 4.14 shows the force – displacement relationship through the entire simulation 
process involving penetration, extraction and repetitive process of penetration and 
extraction obtained from Tests S-D-01 and S-D-02. Comparing the results among these 
tests, the force–displacement relationships are essentially similar in terms of shape and 
magnitude. This is expected since the dimensionless velocity group parameter of all three 
tests fall within the undrained regime. These three test results again verify that the 
penetration and extraction velocity of 1 mm/s is fast enough to ensure the test condition is 
undrained. It is also important to note that even at the speed of 6 mm/s (Test S-D-02), 
there is no apparent viscous effect. 
 
Figure 4.15 plots the degradation of maximum penetration resistance normalised by the 
maximum penetration resistance of the respective first cycle of Tests S-A-01, S-D-01 and 
S-D-02 with the number of cycle. All the tests show approximately equal residual 
strength at steady state condition. The rate of soil strength degradation for the three tests 
is also similar. For the range of displacement rate tested in the present study, the results 
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reveal that negative excess pore water pressure does not change with pipe displacement 
rate ranging from 1 to 6 mm/s. Considering the free body diagram of the pipe and soil 
cover shown in Figure 4.8 and Equation 4.4, it is noted that the addition of Ws and Rv 
terms do not change with pipe displacement rate. The test results also illustrate that the 
rate and magnitude of degradation is not affected by the range of pipe displacement rate 
examined in the present study.  
 
The hydraulic cylinder used in the current experimental setup only able to simulate a 
narrow range of displacement rates which might not necessary reflect the actual condition. 
As presented in Chapter 2, Cheuk et al. (2007) stated that the peak uplift resistance 
changed by only about 10% when the uplift rate was lowered by 50 times (Section 2.3.3). 
These findings suggest that the load-penetration profile may not be a function of 
displacement rate. Nevertheless, results from Tests S-A-01, S-D-01 and S-D-02 have 
shown that in the present experimental setup, displacement rate does not have apparent 
effect on the load-displacement response and load degradation which is consistent with 
that observed in previous studies. 
 
In Section 3.4, it is shown that the inertia effect on the pipe resistance is negligible under 
the field condition. In addition, parametric study on pipe displacement rate has shown 
that pipe displacement rate has negligible effect on the load displacement response of 
riser at TDZ. Therefore, Equation 3.1 can be reduced to the form which the load function, 
F(t), is solely a function of pipe displacement, x, with response stiffness ,ks, as the 
gradient. 
 
4.5.4 Effect of cyclic amplitude 
Tests S-E-01 and S-E-02 were carried out to investigate the effect of cyclic amplitude. 
Details of the tests are shown in Table 4.1. Figure 4.16 illustrates the three different 
cyclic amplitudes being applied in Tests S-A-01, S-E-01 and S-E-02. The reference zero 
displacement is set at the instance when the pipe penetrated 0.5D. For Test S-A-01, the 
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model pipe penetrated to the depth of 3 times diameter and extracted back to zero 
displacement and repeated for 12 cycles. For Test S-E-01, the model pipe penetrated to 
the depth of 3D but extracted 2D and repeated for 12 cycles. For Test S-E-02, the model 
was extracted 1D and repeated for 12 cycles. The basic difference between Test S-A-01 
and S-E-01, S-E-02 is that the model pipe did not leave the model ground which would 
limit free water at ground surface to entrain the influence zone where the pipe cycling 
was carried out. 
  
Figure 4.17 shows the penetration load normalized with the maximum penetration load of 
the first cycle of respective test (the same for all the three tests) versus number of load 
cycle. For all the tests, the resistance degrades sharply within the first few cycles. The 
load degradation stabilises after about 8 number of load cycles.  For Test S-A-01, the 
load degrades to about 30% of the initial penetration while for Tests S-E-01 and S-E-02, 
the load degrades to about 48% and 58%, respectively. As shown in Chapter 3, the 
sensitivity of the Malaysian Kaolin Clay used in the experiment has a sensitivity of about 
2 ~ 2.5. Obviously, Test S-A-01 has shown higher sensitivity than the remoulded strength 
value which implies that beside the remoulding process, there is other mechanism which 
leads to the further drop in soil strength.  
 
Comparing these three tests, the load degradation for Tests S-E-01 and S-E-02 
significantly reduces as the model pipe does not leave the model ground. The additional 
loss of soil resistance in Test S-A-01 can be attributed to the entrainment of surface water 
into the remoulded soil, permitting an increase in water content and therefore further 
decrease in resistance. Comparing the load degradation curves of Tests S-E-01 with S-E-
02, the load degradation of Test S-E-02 also reduces as the cyclic amplitude reduces. The 
comparatively higher load degradation in Test S-E-01 is possibly due to the mixing of 
upper relatively softer clay during the cyclic motion. Another possibility is that tension 
cracks might form within the soil cover above the pipe crown which allows water to 
entrain into the remoulded soil which in turn increases the resistance degradation for Test 
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S-E-01 with higher cyclic amplitude. This possibility will be evaluated using the Particle 
Imaging Velocimetry (PIV) analysis in Chapter 5. 
 
Literature review in Chapter 2 has shown that different sections of the SCR at the 
touchdown zone would experience different cyclic amplitude at the touchdown zone. 
However, aspect ratios (L/D) of these sections are large enough to fulfill the plane strain 
condition as simulated in the centrifuge model tests. The amplitude of the pipe cyclic 
motion will also be affected; therefore the degree of soil stiffness degradation would be 
different along the TDZ. Test results have shown that in the section where the riser pipe 
breaks away from the ground repeatedly would significant reduce the resistance 
experienced by the pipe at steady state. Subsequently, tests to investigate the strength 
degradation behaviour at greater depth are also presented. 
 
4.5.5 Effect of water entrainment 
Similar to Tests S-E-01 and S-E-02, Test D-F-01 was performed to investigate the effect 
of water entrainment on the soil strength degradation subjected to repeated loading of a 
pipe section. Details of the test parameters are shown in Table 4.1. In the test, the cyclic 
amplitude is 1.0 m and the final pipe embedment of the pipe was 4.5 m which was to 
ensure water entrainment did not occur. 
 
Figure 4.18 shows the force – displacement relationship through the entire simulation 
process involving penetration, extraction and repetitive process of penetration and 
extraction in Test D-F-01. During the first cycle, the penetration resistance increases 
almost linearly down the pipe embedment and registers a maximum resistance of about 
87 kN/m. The pipe uplift resistance is immediately mobilized as shown in the plot and 
reaches a maximum value of 38 kN/m as the pipe was extracted. Upon extracting to pipe 
embedment of 3.5 m, the second cycle commences and the pipe penetrates to the target 
embedment depth of 4.5 m. The experiment continues until steady state of the load-
displacement response is reached. Similar to the load-displacement relationship of Test S-
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A-01, both the penetration and extraction resistance decrease as number of cycle 
increases. From the load-displacement plot of Test D-F-01 (Figure 4.18), breakout 
occured during the first pipe uplift as the uplift resistance reached maximum and 
maintained when the pipe continued to be lifted. However, it is unclear if breakout had 
occurred in the subsequent load cycles. 
 
Figure 4.19 shows the plot of penetration load normalized with respect to the maximum 
penetration resistance of first cycle versus number of cycle for Tests S-A-01 and D-F-01. 
It shows that Test D-F-01 takes about 28 cycles to reach steady state which is more than 
that for Test S-A-01. In Test S-A-01, the maximum penetration resistance degrades to 
about 32% (sensitivity ≈ 3) of that of the first cycle’s while Test S-F-01 shows a higher 
amount of degradation which is about 23% (sensitivity ≈ 4.3). 
 
It is expected that the amount of strength degradation of Test D-F-01 to be less than that 
of Test S-A-01 since water entrainment does not occur. However, the experimental 
results show otherwise. This might be due to the difference in the mechanism of excess 
pore water pressure dissipation. Excess pore water pressure is generated as the soil 
surrounding the pipe is repeatedly sheared during the cyclic motion. In Test S-A-01, the 
excess pore water pressure is able to dissipate to the free water as the pipe is extracted 
and lifted away from the ground. For Test D-F-01, the excess pore water pressure is not 
able to dissipate through the same manner which further reduces the effective stress of 
the soil and thus lower shear strength during the steady state condition. 
 
4.5.6 Effect of cyclic period 
Test D-G-01 was performed and the results are compared with Test D-F-01 to investigate 
the effect of cyclic period on the strength degradation process. Details of parameters for 
these two tests are shown in Table 4.1. Cyclic period is defined as the time taken for a 
complete cycle to take place. Both tests have the same cyclic period of 60 s. By having 
constant cyclic period in both tests, the pore pressure dissipation time of each cycle will 
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be the same. The paths of pore pressure dissipation are not necessary be the same since 
the cyclic amplitude in both tests are different. 
 
Figure 4.20 plots the force-displacement relationship of Test D-G-01. The pipe was 
penetrated to the target embedment depth of 4.5 m and repeatedly cycled from 4.5 m to 
4.0 m embedment depth. Similar to Test D-F-01, both the penetration and extraction 
resistance decrease as number of cycle increases. In contrast to Test D-F-01, breakout 
does not occur during the first extraction. Figure 4.21 compares how the normalised 
penetration load degrades with cycle of both tests. It shows that the maximum penetration 
resistance of Test D-G-01 degrades dramatically, to only about 14.5% which is 
equivalent to a sensitivity of about 7. This is much higher than the reported remoulding 
sensitivity of 2 ~ 2.5 for the Malaysian Kaolin clay. From the load degradation curve, it is 
also observed that Test D-G-01 takes about 16 cycles to reach steady state which is less 
that that of Test D-F-01. 
 
Although both tests have the same excess pore pressure dissipation time, the maximum 
penetration degradation curve has clearly shown that the residual strength at steady state 
is not the same. This might be due to the difference of dissipation path in these two tests. 
As these tests were performed using overconsolidated clay, it dilates upon shearing and 
negative excess pore water pressure is generated at the shearing zone. Pore water from 
the neighbouring zone will migrate towards the shearing zone due to the pressure 
difference. For Test D-F-01, as the pipe penetrates and cycles through a larger amplitude, 
it has a larger influence zone. Influence zone in Test D-F-01 will require more pore water 
to equilibrate due to the larger influence zone.  
 
Figure 4.22 illustrates the geometric difference between the two influence zones formed 
in Tests D-F-01 and D-G-01. As the pipe diameter is the same in both tests, the width of 
the influence zone will be approximately the same. Considering the influence zone as 
area of soil with negative excess pore water pressure while the circumference of this zone 
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is the boundary where the diffusion of pore water would occur. The circumference to 
surface area ratio of Test D-F-01 would have been smaller than that of Test D-F-02 since 
the denominator of the ratio increases faster than the nominator. As this ratio decreases, 
the rate of diffusion of pore water into the influence zone also decreases. Thus, 
overconsolidated clay in Test D-F-01 is not able to soften as much as that of Test D-G-01 
and hence shows a higher residual strength. 
 
Test D-G-02 was carried out to further confirm that the soil strength degradation is not a 
function of displacement rate when the pipe cycled at deeper embedment. The test 
configuration is similar to Test D-G-01’s except the displacement rate is increased to 3 
mm/s (Table 4.1). Figure 4.23 shows the load displacement relationship of Test D-G-02. 
The maximum penetration resistance of the first cycle is approximately equal to that of 
Test D-G-01 since the target embedment depths are the same in both tests. Figure 4.24 
compares the normalised penetration load degradation of both tests. Similarly, both tests 
register residual maximum penetration of about 14.5% of that of the first penetration. In 
contrast, Test D-G-02 takes about 90 cycles to reach the steady state as compared to Test 
D-G-01 which takes about 16 cycles. 
 
Test D-G-02 has reconfirmed the finding that soil strength degradation is not a function 
of displacement rate even if the cyclic motion has been carried out in deeper embedment 
depth since both tests have shown similar residual strength at steady state. However, as 
the displacement rate increases, the number of load cycle to reach steady state also 
increases. Overall the soil strength degradation phenomenon is more prominent at deeper 
depth even though water entrainment did not occur when cycling at deeper embedment. It 
shows that the degree of soil strength degradation might be related to the effective stress 
where cycling is carried out. This will be further investigated by performing ring shear 
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4.6 Conclusion 
A centrifuge model study is conducted to evaluate the pipe penetration and extraction 
responses under repetitive vertical pipe penetration/uplift cycles. Table 4.2 summarises 
the main findings from the centrifuge model tests.  The results obtained from the base 
case with extensive instrumentation reveal that a trench would be formed upon first pipe 
penetration causing reduction in pipe penetration resistance in subsequent penetration 
cycles. During pipe extraction, the observed negative pore pressure readings at the pipe 
base suggest the development of suction beneath the pipe. The magnitude of suction at 
various pipe base elevations differ at individual pipe uplift displacement, revealing that 
suction is first overcome at the pipe base and then gradually moving to the pipe centre 
elevation as the riser pipe is lifted up.   
 
Parametric studies were then conducted to evaluate the effects of loading mode, soil 
strength gradient, riser pipe displacement rate, cyclic amplitude, water entrainment and 
cyclic period on riser-soil interaction. It is observed that the penetration resistance 
increased dramatically when the pipe over-penetrated the maximum pipe embedment 
depth of the previous episode of cyclic motion. This could be due to the inherent property 
of the ground which the undrained shear strength increases with depth. However, it has 
been shown that this alone do not account for the magnitude of increment. It is possible 
that the soil strength underneath the maximum pipe embedment depth might have 
increased throughout the previous cycling episode. The soil underneath the pipe’s 
previous maximum embedment depth is being repeatedly loaded with build up of excess 
pore water pressure. Excess pore water pressure from the zone beneath the maximum 
pipe embedment might have migrated to the heavily remoulded zone above it, which 
causes the effective stress to increase and thus increase in soil strength. It is established 
that soil strength degradation increases with overconsolidation ratio of the clay due to 
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Within the riser pipe displacement rate of between 1 to 6 mm/s examined in the present 
study, the load-displacement relationship of the first penetration cycle does not change. 
Although the dimensionless velocity group depicts undrained condition at the instance 
the soil element is sheared, the drainage condition of the particular soil element does not 
necessarily remain as undrained. In the present study where multiple large displacement 
cycles were carried out, drainage or migration of pore water might occur throughout the 
process. It is also established that the soil strength degradation is unlikely a function of 
pipe displacement rate. Additional soil strength degradation is observed in test where the 
pipe is extracted out of the ground. This can be attributed to the entrainment of surface 
water into the remoulded soil, permitting an increase in water content and therefore 
further decrease in soil strength. Magnitude of soil strength degradation decreases as the 
cyclic amplitude decreases. 
 
For the second part of centrifuge model studies, the pipe was cycled at deeper 
embedment. Test results further confirmed soil strength degradation is unlikely a function 
of pipe displacement rate. When pipe cyclic amplitude decreases from 1.0D to 0.5D, the 
degree of soil strength degradation increases. Generally, the degree of soil strength 
degradation was shown to be higher than those cycled at shallower embedment which 
suggests that the degradation mechanism might be related to the effective stress where 
the cyclic motion was carried out. 
 
In the next chapter, the evolution of soil failure mechanism during the repeated loading of 
riser pipe will be investigated. Image capturing system was used to capture photographs 
during the centrifuge model test. The images are analysed using particle image 
velocimetry (PIV) to observe the failure mechanism. 
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embedment depth A  Objectives Section 
Base case 
S-A-01 5.19 1000 1 3.0D 3.0D 
Established the basic characteristic of repeated loading 
of pipe on seabed. Used as a comparison with 
subsequent parametric studies. 
4.4 
Effect of pipe loading mode 






To investigate how does the pipe behave when it is over-
penetrated in the load controlled mode. 4.5.1 
Effect of gradient of undrained shear strength 
S-C-01 1.39 1000 1 3.0D 3.0D 
S-C-02 3.72 1000 1 3.0D 3.0D 
To quantify the effect of undrainded shear strength 
gradient on the load-displacement profile. Effect of 
overconsolidation ratio on load degradation was also 
studied. 
4.5.2 
Effect of displacement rate 
S-D-01 5.19 1000 3 3.0D 3.0D 
S-D-02 5.19 1000 6 3.0D 3.0D 
To study the effect of displacement rate and water 
drainage on load-displacement profile and the seabed 
degradation. 
4.5.3 
Effect of cyclic amplitude 
S-E-01 5.19 1000 1 3.0D 2.0D 
S-E-02 5.19 1000 1 3.0D 1.0D 
To investigate the effect of cyclic amplitude on load 
degradation profile when the pipe was partially/not 
allowed breaking away from the ground. 
4.5.4 
Effect of water entrainment 
D-F-01 5.19 1000 1 4.5D 1.0D 
To study the effect of water entrainment on load-
degradation profile of the seabed. Pipe was embedded 
and cycled in the deeper embedment depth to eliminate 
the occurrence of water entrainment. 
4.5.5 
Effect of cyclic period 
D-G-01 5.19 1000 0.5 4.5D 0.5D 
D-G-02 5.19 1000 3 4.5D 0.5D 
To investigate the effect of drainage on load degradation 
of the seabed by maintaining the constant period and 
varying the amplitude of cyclic motion. 
4.5.6 
Table 4.1 Summary of centrifuge model test programmes and objectives. 
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Test 
Identity Objectives Conclusions Section 
Base case 
S-A-01 
Established the basic characteristic of repeated loading 
of pipe on seabed. Used as a comparison with 
subsequent parametric studies. 
- Penetration, extraction resistances and excess pore water 
pressure are found to be decreasing with the no. of load cycles 
- Breakout displacements were different along the pipe 
circumferences 
- Contribution of soil resistance towards the total uplift 
resistance does not change with no. of load cycles  
4.4.1 
Effect of load controlled cyclic motion 
S-B-01 To investigate how does the pipe behave when it is over-penetrated in the load controlled mode. 
- Pipe experiences increased penetration resistance when it 
overpenetrates 
- Incremental pipe embedment depth found to be decreasing 
with no. of load cycle 
4.5.1 
Effect of undrained shear strength gradient of the seabed 
S-C-01 
S-C-02 
To quantify the effect of undrainded shear strength 
gradient on the load-displacement profile. Effect of 
overconsolidation ratio on load degradation was also 
studied. 
- Soil strength degradation is found to be increasing with the 
overconsolidation ratio  4.5.2 
Effect of displacement rate 
S-D-01 
S-D-02 
To study the effect of displacement rate and water 
drainage on load-displacement profile and the seabed 
degradation. 
- Load-displacement and load degradation is not affected by 
pipe displacement rate 4.5.3 
Effect of cyclic amplitude 
S-E-01 
S-E-02 
To investigate the effect of cyclic amplitude on load 
degradation profile when the pipe was partially/not 
allowed to break away from the ground. 
- When the pipe broke away from the ground, it allowed 
entrainment of free surface water and thus aggravate the 
degree of the soil strength degradation. 
4.5.4 
Effect of water entrainment 
D-F-01 
To study the effect of water entrainment on load-
degradation profile of the seabed. Pipe was embedded 
and cycled in the deeper embedment depth to eliminate 
the occurrence of water entrainment. 
- Soil strength degradation is found to be higher than the base 
case (Test S-A-01). Since the drainage path is not connected to 
the surface, excess pore water pressure might not be able to 
dissipate and further reduce the shear strength of the soil. 
4.5.5 
Effect of cyclic period 
D-G-01 
D-G-02 
To investigate the effect of drainage on load 
degradation of the seabed by maintaining the constant 
period and varying the amplitude of cyclic motion. 
- As peak-to-peak cyclic amplitude decreases, the degree of soil 
strength degradation increases. 
- Degree of soil strength degradation is higher for cyclic motion 
carried out in deeper pipe embedment. 
4.5.6 
Table 4.2 Summary of centrifuge model test results. 
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Figure 4.1 Undrained shear strength profiles obtained from empirical prediction and experiment for normally 











                                                                                                   Chapter 4 Centrifuge Test Results 
  118  
 
 






                                                                                                   Chapter 4 Centrifuge Test Results 
  119  
























































Figure 4.4 Penetration and extraction load degradation normalised by the maximum penetration resistance of 
the first cycle. 
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(a)                                                                     (b)                                                                 (c) 
Figure 4.5 Plots of pore water pressure responses of various PPTs versus embedment depth for (a) PPT1, (b) PPT2 and (c) PPT3 for Test S-A-01.
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Figure 4.6 Locations of pore water pressure readings and zero reference angular displacement. 
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Figure 4.7 Plots of resultant force per meter length due to excess pore water pressure at different embedment 
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Figure 4.8 Different force components in uplift problem of pipe. 
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Figure 4.10 Force – displacement relationship of Test S-B-01. 
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(a)  (b) 
 
Figure 4.11 Plots of (a) Maximum pipe embedment and (b) incremental maximum penetration depth versus 
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(a)                                                           (b) 
Figure 4.12 Force – displacement relationship of (a) Test S-C-01, OCR = 1 and (b) Test S-C-02, OCR = 
3. 
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test S-C-02
 
(a)                                                                            (b) 
Figure 4.13 Comparisons of (a) Maximum penetration load degradation and (b) Normalized penetration load 
degradation versus no. of load cycles between Test S-A-01, S-C-01 and S-C-02 
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Figure 4.14 Force – displacement relationship of (a) Test S-C-01 (v = 3 mm/s) and (b) Test S-C-02 (v = 6 
mm/s) 



























Figure 4.15 Comparisons of normalised penetration load degradation of Test S-A-01, S-D-01 and S-D-02 
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Figure 4.16 Illustration of three different cyclic motions being applied in Test S-A-01, S-E-01 and S-E-
02. 
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Figure 4.18 Force – displacement relationship of Test D-F-01. 
 































Figure 4.19 Comparisons of normalised penetration load degradation of Test S-A-01 and D-F-01 
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Figure 4.20 Force – displacement relationship of Test D-G-01 































Figure 4.21 Comparisons of normalised penetration load degradation of Test D-F-01 and D-G-01 
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Figure 4.22 Illustration of geometric difference of two influence zone formed in Test D-F-01 and D-G-01. 
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Figure 4.24 Comparisons of normalised penetration load degradation of Test D-G-01 and D-G-02.
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Chapter 5  






From the previous centrifuge experiments, the penetration and extraction resistance are 
found to decrease as the number of cycle increases and the load displacement profiles of 
Test S-A-01 stabilises after about eight number of cycles. As described in Chapter 2, 
riser-soil interaction is categorized as high cycle fatigue problem. Therefore, it is more 
appropriate to perform the SCR fatigue analysis using the steady state seabed stiffness. It 
would reduce the conservatism of existing SCR design methods. Degradation of seabed 
stiffness is mainly due to the reduction of soil strength and possibly the change of soil 
failure mechanism as the number of load cycles increases. It is essential to investigate the 
soil movement patterns throughout the pipe cyclic loading process to evaluate the 
changes in the soil failure mechanism. An experimental investigation was therefore 
carried out to examine the actual soil movement patterns at various stages of pipe 
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A series of high resolution photographs were taken throughout the simulation process. 
Subsequently, the digital images were analysed using Particle Image Velocimetry (PIV) 
technique by means of GeoPIV8 software (White & Take, 2002) to quantify movements 
of the prescribed patches in sequential images. As the soil movement vectors obtained 
from the PIV analysis are in pixel unit, they should therefore be transformed to object 
space measurement through a close-range photogrammetry. This process includes 
derivation of the intrinsic and extrinsic camera parameters from the control marker and 
back projection of the image-space coordinates in pixel unit to the object-space ones in 
metric unit which have been described in Chapter 3. 
 
The base case (Test S-A-01) was repeated to reveal the changes of failure mechanism as 
the ground was repeated loaded by the pipe. The simulation was conducted at 20g using 
displacement control with a displacement rate of 1 mm/s to ensure undrained shearing 
condition. 
 
5.2 First cycle 
The experiment starts from the point when the pipe is embedded half a diameter into the 
soil. The penetration magnitude, which is the distance between the elevations of model 
ground surface from the pipe centre, is normalised by pipe diameter, D. Figure．．．．．． 5.1 
illustrates the different stages being analysed and their corresponding figure．．．．． numbers for 
ease of reading. Similarly, the extent of vertical and horizontal disturbance is measured 
from the pipe centre and normalised with pipe diameter, D. All the results are presented 
at prototype scale following appropriate scaling laws in accordance with Taylor (1994). 
The velocity contours presented in this section, are normalised by the prototype pipe 
displacement rate which is 20 mm/s in this case. 
 
5.2.1 Penetration of the first cycle 
Figure．．．．．． 5.2 shows the digital image, the velocity vector plot and normalised velocity 
contour plot of the initial penetration of the pipe at 0D. The extent of lateral soil 
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disturbance is up to 2.5D from the centre of the pipe, and up to 1.3D beneath the centre of 
the pipe for vertical disturbance. A rigid soil body underneath the pipe invert is observed 
to move with the pipe. 
 
Upon further penetration at 0.5D, the penetrating pipe forms an open cavity on top, see 
Figure 5.3(a). At the same time, rotational movement around the pipe side develops 
further, in which more soil beside the pipe is pushed upward and flows toward the cavity 
wall, as shown in Figure．．．．．． 5.3(b). While the cavity wall above the pipe remains stable at 
this stage, the soil backflow has commenced. The corresponding normalised velocity 
contours shown in Figure 5.3(c) reveal that the extent of lateral and vertical disturbance 
decreases slightly to about 2.1D and 1.2D from the centre of the pipe, respectively. 
 
As the pipe centre penetrates to 1.0D, the soil beside the pipe, which was moving upward 
and flowing inward near the surface, starts to collapse into the open cavity and flows 
back onto the pipe crown, see Figure．．．．．． 5.4(a). This point signifies the onset of a full 
development of soil backflow above the pipe. Figures．．．．．．． 5.4(b) and (c) show that the extent 
of lateral and vertical disturbance reduces to 1.5D and 1.2D respectively. 
 
As the penetration increases to 1.9D, backflow is observed with centre of rotation on both 
sides of the pipe, see Figure．．．．．． 5.5(a). This backflow mechanism further promotes the 
collapse of the cavity wall, as illustrated in Figure 5.5(b) and (c). Upon reaching the 
penetration depth of 3.0D, the soil backflow was fully localized around the pipe without 
reaching the soil surface, as can be seen from the minimal vertical disturbance of about 
1.0D from the pipe centre on top and bottom of the pipe. The extent of horizontal 
disturbance also decreases to about 1.0D, see Figure．．．．．． 5.6. 
 
Increasing heave of the ground surface is observed as the penetration depth of the pipe 
increases. A cavity wall depth of approximately 1.0D was maintained at the ground 
surface directly above the pipe throughout the whole penetration process. It is also 
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observed that a rigid soil body is trapped beneath the pipe invert and travels with the pipe. 
This suggests the presence of softer soil being dragged down below a penetrating object.  
 
At the initial penetration stages of 0D and 0.35D, the soil failure mechanism resembles a 
bearing capacity failure mechanism for a strip footing under vertical loading. As shown 
in Figure．．．．．． 5.6, the failure mechanism obtained at 3.0D penetration is an ellipse extending 
wider laterally than vertically. This might be due to the increasing undrained shear 
strength with depth profile increasing with depth that causes the weaker soil at shallower 
depth to fail before the relative stronger soil at greater depth. This argument will be 
verified through limit analysis in the next chapter.  
 
The magnitude of soil displacement at the bottom of the pipe is found to be larger than 
that at the top of the pipe. The influence zone decreases as the pipe penetration increases 
which suggests gradual transition from typical bearing capacity failure mechanism for a 
strip footing under vertical loading to a localised flow around cylinder failure mechanism. 
The weaker interface soil between the pipe and the underlying stronger soil being 
displaced is subjected to very high strains and full remolding which lead to very low 
shear strength. This contradicts the wish-in place assumption, which assumes insitu 
undrained shear strength, being used to analyse a continuous penetration scenario. For 
penetration analyses in non-homogeneous soil, this situation may give rise to an 
overestimation of bearing capacity.  
 
5.2.2 Extraction of the first cycle 
Pipe extraction is carried out immediately after the pipe is penetrated to the target depth 
of 3.0D. Figure．．．．．． 5.7 shows the digital image and the velocity vector plots at the onset of 
pipe extraction. The soil movement is calculated by comparing the photographs of 3.0D 
and 2.98D pipe embedment, in contrast to the soil movement of penetration at the same 
embedment, which is computed based on the photograph of 2.98D pipe embedment 
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before it reaches the final embedment of 3.0D. The uplift movements of the soil above 
and below the pipe are equally predominant.  
 
Above the pipe, the extraction mobilised a compression of the top soil but had not 
extended to the soil surface. Underneath the pipe invert, a rigid soil block of unity 
velocity (normalised velocity of 1) is lifted together with the pipe which shows that there 
is no pipe-soil separation at this stage. The failure mechanism resembles a typical reverse 
bearing capacity with influence zone up to about 2.3D laterally and 1.5D above and 
below the pipe. 
 
Upon further extraction to 1.9D, the failure mechanism underneath the pipe invert still 
resembles a typical reverse bearing capacity failure mechanism but with a reduction in 
both vertical and lateral influence zone, see Figure．．．．．． 5.8. The influence zone reduces to 
1.4D laterally and 0.7D below the pipe centre. The soil movement above the pipe is 
confined by a pair of lines extended from pipe edge to ground surface is also present on 
top of the pipe. The normalised resultant velocities at the top and bottom of the pipe are 
less than unity which suggests that the pipe has a higher relative displacement rate than 
the soil bodies. 
 
Figure．．．．．． 5.9 shows the digital image and the velocity vector plot for extraction at 1.0D. The 
failure mechanism extends to the ground surface. It is comparably more localised than the 
previous embedment, but the influence zone extends to ground surface. The influence 
zone reduces to 1.2D laterally and 0.7D vertically from the pipe centre. Similar to the 
previous stage, the normalised resultant velocity of the soil block below and on top of the 
pipe is below unity. 
 
Upon extraction to 0.5D (see Figure 5.10), the failure mechanism alters to something like 
a flow around cylinder. There is a soil block present on top of the pipe and being lifted 
together with the pipe. Off the pipe centre, the soil is pushed diagonally away from the 
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pipe centre. Further down the depth, the soil displaces in the opposite direction to the 
pipe and flows inward to the bottom of the pipe. The influence zone is similar to the 
previous stage.  
 
For all extraction stages, the normalised resultant velocity of the soil body on top of the 
pipe is not unity which suggests that the soil in this zone undergoes compression. This 
appears to suggest that the soil on top of the pipe is subjected to very high strains and full 
remolding due to the previous penetration process and increases the compressibility to the 
top soil. As described in Section 4.4.2, this is due to the insufficient consolidation time, 
which is consistent with the finding from Test S-A-01 where the effective weight of the 
soil is fairly low. 
 
At the first instant of extraction (3.0D), there exists a soil body with unity normalised 
resultant velocity below the pipe, which suggests that no pipe-soil separation at this stage. 
However, upon further extraction (2.3D), the normalised relative velocity of the soil 
below the pipe is less than unity. This shows that the soil below is not moving together 
with the pipe which implies that there might be a gap forming below the pipe. This 
suggests that, pipe-soil separation occurs with no soil adhesion at the bottom of the pipe. 
It provides further evidence for the postulation in Section 4.4.2 regarding the relationship 
between soil strength and suction developed underneath the pipe. 
 
The failure mechanism of flow around a cylinder is observed at the pipe extraction at 
0.5D. This phenomenon might be due to the formation of weakened zone due to 
surrounding soil being subjected to very high strains and full remolding caused by the 
first penetration process. The formation of this weakened zone hence confines the 
influence zone shown in Figure．．．．．． 5.10. 
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5.2.3 Comparison between penetration and extraction of the first 
cycle 
The soil failure mechanism of penetration and extraction at 3.0D are different, see 
Figure．．．．．．s 5.6 & 5.7. As postulated in Chapter 4, pipe-soil separation is related to the 
surrounding soil strength and the limiting suction that the soil can develop. As the pipe is 
penetrating to 3.0D, the soil on top of the pipe is highly remoulded and has a low 
remoulded strength. The amount of the suction on top of the pipe would be limited by the 
magnitude of soil resistance that could be mobilised. Together with the weakened zone 
formed during the continuous pipe penetration, reserve bearing failure did not occur on 
top of the pipe. However, soil strength below the pipe is much closer to the virgin 
condition for the extraction at the same pipe embedment. With the absence of weakened 
soil zone below the pipe, reverse bearing failure could occur. 
As shown in the base case presented in Chapter 4, the pore water pressure below the pipe 
experiences lower pressure than the hydrostatic pressure during the extraction phase. 
However, the soil shearing resistance from the reverse bearing capacity is smaller than 
the limiting suction of the soil and thus the soil does not separate from the pipe. 
 
5.3 Second cycle 
Upon completion of the first cycle, the second cycle penetration is carried out 
immediately. The penetration and uplift process continues until the load-displacement 
response stabilises. Digital image in Figure ．．．．．．5.11(a) illustrates the disturbed soil surface at 
the beginning of the penetration of the second cycle. It can be seen that two approximate 
triangular soil blocks are formed on both sides of the pipe.  
 
5.3.1 Penetration of the second cycle 
Figures．．．．．．． 5.11(b) and (c) show the velocity vector plot and normalised velocity contour of 
the second cycle’s penetration of the pipe at 0D.  The extent of lateral disturbance is up to 
0.6D from the centre of the pipe, and up to 1.7D beneath the centre of the pipe for 
vertical disturbance. The velocity plot reveals that the soil underneath the pipe moves 
 
 
                                         Chapter 5 Evolvement of Failure Mechanism in Riser-Soil Interaction 
  138  
vertically downward and soil movement is confined to a zone enclosed by the two lines 
denoted on Figure．．．．．． 5.11(c). However, in the normalised velocity contour plot, it does not 
register any unity soil movement, which suggests that soil in this region experiences 
compression. 
 
It is observed that the triangular soil blocks at the top of the pipe collapse onto the pipe as 
the pipe continues to penetrate. Upon reaching the elevation of 0.5D, the extent of lateral 
disturbance increases. The soil underneath the pipe moves downward and the soil tends to 
move laterally away from the pipe centre, as shown in Figure．．．．．． 5.12. The corresponding 
digital image reveals that a pair of tension cracks form at about 1.5D laterally away from 
the pipe centre. 
 
Figure．．．．．． 5.13 shows the pipe penetration at 1.9D, the soil beside the pipe is noted to move 
upward, inward and starts to collapse back to the top of the pipe. It is observed that the 
soil back flow extended towards the soil surface and continuously flows back onto the 
trough directly above the pipe. As shown by the digital image in Figure．．．．．． 5.13(a), a stable 
trough of 0.5D depth with gentle gradient is maintained at the ground surface directly 
above the pipe throughout the penetration. The soil block on top of the pipe also moves 
downward together with the pipe. A pair of tension cracks form at about 1.5D laterally 
away from the pipe centre, see Figure．．．．．． 5.13. As the penetration continues to deeper depth, 
the wall of the tension crack collapses and the soil particle fills up the bottom of the crack. 
 
Upon reaching the final penetration depth of 3.0D, the soil backflow is more or less fully 
localised around the pipe, as shown by the velocity vector and normalised velocity 
contour plots in Figure．．．．．． 5.14. However, it is observed that the soil on top of the pipe is 
still moving downward but with a smaller magnitude as compared to the previous stage. 
The vertical disturbance extends from 1.4D above the pipe to 1.1D beneath the pipe 
centre. The horizontal disturbance extends about 1.1D both sides from the pipe centre. 
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The corresponding digital image depicts that the tensions crack has increased to 1.2D 
depth on both sides of the pipe, see Figure．．．．．． 5.14. 
 
5.3.2 Extraction during the second cycle 
Similar to the first cycle, pipe extraction is carried out immediately after the pipe is 
penetrated to the target depth of 3.0D. Figure．．．．．． 5.15 shows the digital image and velocity 
vector plots at the onset of pipe extraction. Above the pipe, the soil moves upward and 
the soil movement does not extend towards the ground surface. As the lateral distance 
from the pipe center increases, the magnitude of the soil moving away from the pipe 
center laterally also increases. Below the pipe, a rigid soil block is lifted with the same 
magnitude as the pipe displacement. It shows that no pipe-soil separation occurs at this 
stage. The failure mechanism resembles the typical reverse bearing capacity with an 
influence zone of about 1.8D laterally and 1.5D below the pipe. 
 
Figure．．．．．． 5.16 shows the digital image, the velocity field and normalised velocity contour as 
the pipe is extracted to an elevation of 1.9D. The soil failure mechanism below the pipe 
still resembles the typical reverse bearing capacity failure mechanism but the extent of 
the influence zone reduces to about 1.4D laterally and 0.7D vertically below the pipe. 
Above the pipe, the soil continues to move upward and the soil movement extends to the 
ground surface. As shown in corresponding digital image (Figure 5.16(a)), the trough 
depth vertically above the pipe reduces and is almost levelled with the ground surface. 
Soil at this zone was lifted up as pipe extraction continues. Below the pipe, the soil is 
moving at normalised velocity below unity which denotes that the soil directly below the 
pipe is moving at a slower rate than the pipe. This suggests that pipe-soil separation has 
occurred. As the pipe extraction continues, the tension cracks on both sides of the pipe 
also close up. 
 
Upon extraction to 0.5D elevation, the failure mechanism alters to something like a half 
of the flow around cylinder failure mechanism shown in Figure．．．．．． 5.17. The velocity vector 
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plot reveals that the soil above the pipe is being pushed out from the trough. Besides that, 
the soil at the ground surface moves laterally away from the pipe. Further below the 
ground surface, the soil at both sides of the pipe moves downward. As the depth increases, 
the soil moves toward the pipe and then at the end, toward the pipe invert. The 
normalised velocity contour plot shows that the influence zone is about 1.1D laterally and 
extends to 0.7D vertically below the pipe.  
 
5.3.3 Comparison between the first and second cycle 
In this section, the differences and similarities between the failure mechanisms of first 
and second cycle are discussed.  
 
5.3.3.1 Pipe centre elevation at 0D during penetration 
The soil failure mechanism at penetration at 0D of both cycle are very different as 
demonstrated in Figures．．．．．．． 5.2 and 5.11. Instead of showing a typical bearing capacity 
failure mechanism in first cycle, the second cycle has a much narrower failure 
mechanism as seen from the velocity contour plot. The velocity vector plot reveals  
significantly less lateral movements which mainly occur in the region directly below the 
pipe.   
 
This suggests that the soil underneath the pipe has been significantly disturbed during the 
first cycle and the compressibility of the soil is greatly increased. It is also observed that 
the failure mechanism of the second cycle is more confined than the first cycle. 
Intuitively, this can be explained by the weaken soil zone from the first cycle. Instead of 
the soil moving laterally away from the pipe centre during the first cycle, the soil is now 
moves predominantly downward. It appears that the lateral movement of the soil is 
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5.3.3.2 Pipe centre elevation at 0.5D during penetration 
The major difference between the first and second cycle penetration at the elevation of 
0.5D would be the backflow of soil on top of the pipe. For the first cycle, the soil flows 
from the side of the pipe towards the top as the pipe penetrates to 0.5D. However, for the 
second cycle, as the pipe starts to penetrate, the soil heave on both sides of the pipe 
collapses onto the top of the pipe which is illustrated by the digital images of respective 
cycles, see Figure．．．．．． 5.3(a) & 5.12(a). The different backflow mechanisms occurred in the 
first and second cycles are due to the difference of the ground geometry between the two 
cycles at the start of the penetration. Besides that, the reduced soil strength at the second 
cycle also allows backflow of the soil onto the top of the pipe to take place early in the 
second cycle.  
 
A pair of tension cracks start to form at 1.5D laterally from the pipe centre, which is not 
observed in the first cycle, as shows by the digital images in Figures．．．．．．． 5.12(a) and 5.13(a). 
It appears that the comparatively much larger lateral movement away from the pipe 
centre might have restrained the formation of the tension cracks due to the increase of 
normal stress at the plane of the tension cracks. The lateral soil movement is smaller 
during the second cycle which in turn reduces the normal stress on the tension crack 
plane. This might have caused the formation of tension cracks which are not observed in 
the first cycle. 
 
Significant differences in the progression of soil failure mechanism are observed below 
the pipe for the first and second cycles. Looking at the velocity vector plots for the first 
cycle (Figures．．．．．．． 5.2(b), 5.3(b) and 5.4(b)), the lateral influence zone decreases as the 
penetration depth increases as the failure mechanism becomes more localised. In contrast, 
for the second cycle’s penetration (Figures．．．．．．． 5.11(b), 5.12(b) and 5.13(b)), the soil below 
the pipe seems to be momentarily compressed and strengthened due to the continuous 
penetration of the pipe. So as the pipe continues to penetrate, the soil tends to shear more 
laterally and later upwards to the ground surface. 
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5.3.3.3 Pipe centre elevation at 1.9D during penetration 
The soil failure mechanisms observed for both cycles at this pipe centre elevation are 
similar, see Figures．．．．．．． 5.5 and 5.13. The soil flows from the bottom of the pipe, around the 
pipe and going inwards to the top of the pipe. The centres of rotation are located on both 
sides of the pipe slightly above the pipe centre. The soil movement influence zone for the 
first cycle begins to localize and it is limited at about 0.7D below the ground surface, as 
shown in the normalised velocity contour due to the formation of cavity at the soil 
surface on top of the pipe, see Figure．．．．．． 5.5(b). However, it extends to the ground surface 
and the trough left behind for the second cycle.  
 
The trough maintained on top of the pipe observed in the second cycle is also 
significantly shallower than the cavity formed in the first cycle as shown by the 
respective digital images (Figures．．．．．．． 5.5(a) and 5.13(a)). The degraded soil strength would 
have limited the formation of cavity during pipe penetration which leads to a shallower 
and gentler trough forming on top of the pipe.  
 
5.3.3.4 Pipe centre elevation at 3.0D during penetration 
As the pipe penetrates deeper, failure mechanism of both cycles have localized as shown 
in Figures．．．．．．． 5.6 and 5.14. The failure mechanism observed in the second cycle is 
symmetrical about the vertical and horizontal axis of pipe centre in contrast to the first 
cycle. This suggests that the gradient of the shear strength profile at 3.0D penetration for 
the second cycle might have reduced. This is possible if the soil in this region is remolded 
in a way that the soil from the shallower depth transferred to the deeper depth vice verse. 
This is evident due to the fact that the soil movement vector is vertically down, which 
implies that the soil block was trapped below the pipe since the beginning of the 
penetration process. Thus, a more homogeneous soil strength profile might be formed 
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5.3.3.5 Pipe centre elevation at 3.0D during extraction 
When the pipe penetrates to 3.0D elevation, it is immediately extracted. Figures．．．．．．． 5.7 and 
5.15 show the failure mechanisms observed in the first and second cycle, respectively. 
Both failure mechanisms resemble typical reverse bearing capacity failure mechanism. 
No pipe-soil separation is observed in the second cycle similarly to the first cycle. The 
major difference between the two is the extent of lateral soil disturbance. It reduces from 
2.3D at the first cycle to 1.8D at the second cycle. It is also evident that during the second 
cycle, less soil moves downward at the lateral far-side of the pipe as compared to the first 
cycle illustrated in the normalised velocity contour plots. These differences are due to the 
reduced shear strength of the remolded clay and weakened zone formed at the first cycle. 
 
5.3.3.6 Pipe centre elevation at 1.9D and 0.5D during extraction 
As shown in Figures．．．．．．． 5.8, 5.10, 5.16 and 5.17, the failure mechanisms of extraction at two 
different elevations observed in the first and second cycles are similar. The extent of the 
influence zone does not change. This implies that during the penetration of first cycle, the 
soil around the pipe had remolded and resulting in a weakened zone. Thus, in the 
extraction stage of subsequent cycles, the failure mechanisms are confined within the 
weakened zone resulting in minimal differences. 
 
5.4 Third and subsequent cycles 
As the number of load cycle increases, the coloured beads, which provide texture to the 
homogenous clay for PIV analysis, is progressively being dispersed and mixed with the 
clay beyond the Perspex windows. This results in the number of reduced patches to be 
used in the PIV analysis. Thus, although twelve load cycles are performed in the 
experiment, only the failure mechanisms of third, fourth and fifth cycles can be analysed. 
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5.4.1 Penetration of the third, fourth and fifth cycles 
Figures．．．．．．． 5.18(a), (b) and (c) illustrate the disturbed soil surface at the beginning of the 
third, fourth and fifth cycles (elevation of pipe centre = 0D).  They are essentially similar 
to the second cycle’s soil surface profile illustrated in Figure．．．．．． 5.11(a). Two approximate 
triangular soil blocks are formed on both sides of the pipe. Figure．．．．．． 5.19 shows the velocity 
field plots for each respective cycle. It is shown that the soil underneath the pipe moves 
vertically downward. The soil that is laterally further away from the pipe centre tends to 
move laterally away from the pipe as well. These observations are similar to the failure 
mechanism observed in the second cycle. Figure．．．．．． 5.20 shows the normalised velocity 
contour of each respective cycle. Similarly to the second cycle, unity normalised soil 
movement is not observed in all of them which suggests that the soil in this region 
experiences compression. 
 
As the pipe penetration continues, the two triangular soil blocks on both sides of the pipe 
collapses on top of the pipe. The progressive collapse of these soil blocks forms a trough 
with a gentle gradient at the soil surface above the pipe, which is different from that 
observed in the first cycle where a clear cavity is formed. No clear visible tension crack is 
formed in all these three cycles at this stage of penetration.  
 
Figures．．．．．．． 5.21 and 5.22 show the respective velocity field and normalised velocity contour 
plots of the third, fourth and fifth cycles for pipe centre elevation of 1.9D. All the 
velocity field plots reveal similar failure mechanism as observed in the second cycle. The 
soil besides the pipe moves upward towards the soil surface, flows inward and collapses 
back onto the top of the pipe. It is observed that the soil flow extends towards the soil 
surface and continuously flows back onto the trough directly above the pipe. A trough 
having a maximum depth of 0.5D was formed directly above the pipe. This trough is 
observed throughout the penetration which is deemed to be stable. For the third cycle, a 
tension crack formed in the previous cycle starts to propagate. However, no tension 
cracks are observed during the fourth and fifth cycles.  
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Figures．．．．．．． 5.23 and 5.24 illustrate the velocity field and normalised velocity contour plots of 
the third, fourth and fifth cycle as the pipe reaches the final embedment depth of 3.0D. 
The soil failure mechanism is noted to be fully localised around the pipe, as shown in the 
normalised velocity contour plots. As compared to the second cycle, these cycles have a 
smaller influence zone which is about 1.0D vertically and laterally away from the pipe 
centre. The tension crack observed in the third cycle has extended to about 0.6D. 
 
Comparing the second cycle with subsequent cycles, the major difference would be the 
formation of the tension crack at the third cycle. The depth of the tension crack reduces 
from 1.2D in the second cycle to 0.6D in the third cycle as the pipe reaches the elevation 
of 3.0D. However, tension cracks are not observed in the pipe penetration at the fourth 
and fifth cycle. This difference could be explained by the repeated remolding of the soil 
at shallow depth when the soil shear strength degrades after two cycles with a shallower 
tension crack. After three load cycles, the soil shear strength further reduces and this 
explains the absence of tension cracks in the fourth and fifth cycles. 
 
5.4.2 Extraction of the third, fourth and fifth cycles 
As the pipe penetrates to the target depth of 3.0D, it is immediately extracted. Figure．．．．．． 5.25 
shows the velocity vector plots at the onset of extraction for third, fourth and fifth cycle 
respectively. For all three cycles, the soil failure mechanism below the pipe resembles a 
reverse bearing capacity mechanism. The soil above the pipe moves upward but does not 
extend to the soil surface. As the lateral distance from the pipe increases, the magnitude 
of lateral soil movement also increases. The soil disturbance zones observed in these 
three cycles are similar as shown in the normalised velocity contour plots (Figure．．．．．． 5.26). 
A soil block of unity normalised velocity appeared underneath the pipe which denotes 
that pipe-soil separation has not occurred at the onset of pipe extraction for all three 
cycles. The influence zone extends to about 1.8D laterally and 1.5D below the pipe, 
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which is similar to the one observed in the second cycle. For the third cycle, the tension 
cracks formed during the penetration stage also closes up as the pipe extraction continues. 
 
Figures．．．．．．． 5.27 and 5.28 show the velocity field and normalised velocity contour plot when 
the pipe is extracted to 1.9D. The failure mechanism below the pipe still resembles 
typical reverse bearing capacity failure mechanism but the extent of the influence zone 
reduces to about 1.4D laterally and 0.7D below the pipe. Above the pipe, the soil 
continues to move upward and the soil movement extends to the ground surface. The 
trough depth at the soil surface above the pipe reduces as the pipe extraction continues. 
 
The velocity field and normalised velocity contour plot of the pipe extracted to 0.5D are 
shown in Figures．．．．．．． 5.29 and 5.30. A half of the flow around cylinder failure mechanism is 
observed, similar to the in the second cycle. As compared to the second cycle failure 
mechanism at 0.5D, the amount of lateral soil movement is comparatively smaller. The 
velocity vector plots also reveal that the soil above the pipe is being pushed out of the 
trough. 
 
5.5 Collapse of soil on top of the pipe and tension crack 
formation at ground surface 
Figures．．．．．．． 5.31 (a) – (e) illustrate that a soil block forms directly above the pipe and 
subsequently it cracks and then collapses on to the ground surface during extraction at the 
different number of cycles. Figure．．．．．． 5.31(a) shows a soil block with a maximum height of 
0.5D has been formed on top of the pipe. It also shows that a crack formation is initiated 
at the location. As the pipe extraction continues, the soil block is broken into two pieces 
and collapses onto the ground surface on both sides of the pipe. For the second, fourth 
and fifth cycles (Figure．．．．．． 5.31(b), (d) and (e)), the collapse mechanism of the soil block is 
similar to the first. The visible difference would be the location of the crack initiation. 
However, two cracks are initiated in the third cycle as shown in Figure．．．．．． 5.31(c). As the 
pipe extraction continues, the soil block in the middle collapses on to the right side of the 
 
 
                                         Chapter 5 Evolvement of Failure Mechanism in Riser-Soil Interaction 
  147  
pipe. The video footage of the experiment shows that both types of mechanism are 
equally dominant in the latter cycles. Crack formation and propagation is highly sensitive 
to stress concentration. Intended ground condition was not simulated perfectly, therefore 
zones of high stress concentration were not symmetrically distributed. This is especially 
true in the case of repeated loading of the seabed, where the pipe repeatedly shear the 
ground. This would form a non-symmetrical ground geometry which might cause non-
symmetrical failure mechanism in the subsequent cycle. 
 
The soil failure mechanisms of both penetration and extraction processes observed in the 
third to fifth cycle are similar to the second cycle. In the third cycle penetration, a pair of 
tension cracks are formed on both sides of the pipe. As compared to the second cycle, the 
crack depth reduces from 1.2D to 0.6D. However, tension cracks are not observed in the 
subsequent cycles. This can be explained by the fact that when the tension cracks develop 
during the pipe penetration, the free surface water is allowed to enter the crack. As the 
pipe is extracted, the crack closes up and water is pushed out of the crack. It is possible 
that the repeated action of water going in and leaving the crack increases the water 
content of the soil around the crack. As a result, it does not have sufficient shear strength 
to form tension cracks in the subsequent cycle. 
 
5.6 Changes of disturbance zone with load cycles 
Figures 5.32 (a), (b), (c) and (d) show the extents of vertical and lateral disturbance 
during pipe penetration and cycles for the first five cycles. During the second cycle’s 
penetration, vertical disturbance underneath the pipe is found to increase from first cycle, 
as shown in Figure 5.32(a). It is possibly due to the formation of a weakened zone and 
changes the failure mechanism. The work done on the pipe is mainly due to the 
compression of highly remoulded soil underneath the pipe rather than the shearing 
resistance from the bearing failure. The extent of the disturbance is found to be stable 
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Figure 5.32(b) shows the lateral disturbance during pipe penetration at the first five 
cycles. Because of the change in failure mechanism, the extent of lateral disturbance near 
the ground surface decreases dramatically from second cycle onwards. Similar to the 
vertical disturbance, the extent of disturbance become stable after three cycles. It has also 
shown that the failure mechanism transits to a more localised one as the pipe embedment 
increases. 
 
Figure 5.32(c) shows the extent of vertical disturbance underneath the pipe during pipe 
extraction at the first five cycles. It is found to be fairly constant throughout the five 
cycles. As illustrated in Section 5.2.2, this might be due to the formation of weakened 
zone within the vicinity of first cycle penetration process. Similarly for the extent of 
lateral disturbance, it does not vary much with the number of cycles (Figure 5.32(d)). 
Generally, the extent of disturbance is the greatest at the beginning of the extraction 
process where the soil fails in reverse bearing manner. As the pipe continues to be lifted, 
the failure mechanism is found to be more localised possibly restrained by the boundaries 
of the weakened zone. 
 
5.5 Conclusion 
Below are the main findings obtained from the PIV analysis of the first to fifth pipe 
penetration/extraction cycles. 
• A stable cavity wall of about 1.0D depth is maintained at the ground surface 
above the pipe during the first cycle. In the subsequent cycles, a trough is formed 
possibly due to soil strength degradation where it is not strong enough to form an 
open cavity. 
• In the first cycle, the backflow on top of the pipe is mainly contributed by the 
collapse of the cavity wall and soil flow around the pipe from underneath and 
both sides of the pipe. However, in the subsequent cycles, the backflow is mainly 
contributed by the collapse of the soil heave formed from previous extraction and 
soil flow around the pipe. 
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• For the first penetration cycle, the soil movement is found to be increasingly 
localised with a reduction in lateral disturbance as the pipe penetrates deeper. 
From the second cycle onward, the soil movement observed in shallow depth 
penetration seems to be restrained within the weakened soil formed from the first 
cycle and the disturbance zone increases from 0D up to about 1.9D and decreases 
as the pipe penetration continues. 
• For all cycles, the soil movement is fully localised when the pipe penetrates to a 
depth of 3.0D. The failure mechanism observed in the first cycle is only 
symmetrical about the vertical line through the pipe centre. In the second cycle 
onward, the failure mechanism is symmetrical about both the vertical and 
horizontal line through the pipe centre. The extent of the disturbance zone is 
found to be similar for all five cycles. 
• At the onset of pipe extraction, typical reverse bearing capacity failure mechanism 
underneath the pipe is observed in all five cycles and the soil movement on top of 
the pipe does not extend to the ground surface. The extent of lateral disturbance of 
the second cycle is found to be slightly less than that of the first cycle but the 
same as subsequent cycles. 
• As the pipe extracts further to 1.9D, it resembles the typical reverse bearing 
capacity failure mechanism with the reduction in the extent of influence zone. 
Soil above the pipe is found to be pushed out of the trough by the extraction 
process. 
• Upon further extraction to 0.5D, the failure mechanism alters to something like a 
flow around cylinder. Soil block presents on top of the pipe and it is being lifted 
together with the pipe. As the extraction continues, this soil block either breaks 
into parts or as a whole, fall to both or one side of the pipe. 
 
From the PIV analysis of the first five cycles, various experimental evidences reveal that 
the soil is remolded during the first cycle. Beside the remolding process, the penetration 
of the pipe has also created a weakened soil zone throughout the penetration process. 
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During the subsequent pipe penetration and extraction, soil movement is restrained within 
this weakened zone. The vast differences between the first and second cycle penetration 
process is mainly due to the above phenomenon. Moreover, it also explains the similarity 
of soil movement observed in the pipe extraction process for all five cycles. 
 
Apart from the development of tension cracks during the first to third cycle penetration, it 
is safe to assume that the failure mechanisms do not change from the second cycle 
onward. This implies that from second cycle onward, the degradation observed from the 
load-penetration curve presented in Chapter 4 is mainly because of the change in soil 
strength.  
 
It is also observed that some of the failure mechanisms presented is not symmetrical 
about the vertical axis through the pipe centre as it should be. Phenomena such as 
collapse of cavity wall and formation of cracks are highly sensitive to the stress 
concentration. Any slight difference in the stress concentration will lead to a visible 
asymmetrical failure mechanism.  
 
Same bearing capacity factor, Nc, is used regardless penetration or extraction of 
cylindrical object as long as there is confining pressure to force a localised deep flow 
mechanism. Present study has revealed that the assumption is inappropriate at the shallow 
embedment (0D to 3D). Failure mechanisms during penetration and extraction have 
shown obvious differences. In the next chapter, the penetration and extraction profile on 
virgin ground presented in Chapter 4 will be compared with the existing solutions. In 
addition, simple limit analysis is carried out to predict the penetration/extraction profile.  
Lastly, ring shear tests would be carried out on the Malaysian Kaolin clay to quantify its 
residual shear strength at steady state. 
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Figure 5.1 Illustration of different stages analysed using PIV and their corresponding figure numbers (for example, 2 refers to Figure 5.2)
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Figure 5.2 (a) Digital image, (b) velocity field and (c) normalised velocity contour during first cycle’s 
penetration with pipe centre at 0D elevation. 
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Figure 5.3 (a) Digital image, (b) velocity field and (c) normalised velocity contour during first cycle’s 
penetration with pipe centre at 0.5D elevation. 
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Figure 5.4 (a) Digital image, (b) velocity field and (c) normalised velocity contour during first cycle’s 
penetration with pipe centre at 1.0D elevation. 
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Figure 5.5 (a) Digital image, (b) velocity field and (c) normalised velocity contour during first cycle’s 
penetration with pipe centre at 1.9D elevation. 
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Figure 5.6 (a) Digital image, (b) velocity field and (c) normalised velocity contour during first cycle’s 
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Figure 5.7 (a) Digital image, (b) velocity field and (c) normalised velocity contour during first cycle’s extraction 
with pipe centre at 3.0D elevation. 
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Figure 5.8 (a) Digital image, (b) velocity field and (c) normalised velocity contour during first cycle’s extraction 
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Figure 5.9 (a) Digital image, (b) velocity field and (c) normalised velocity contour during first cycle’s extraction 
with pipe centre at 1.0D elevation. 
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Figure 5.10 (a) Digital image, (b) velocity field and (c) normalised velocity contour during first cycle’s 
extraction with pipe centre at 0.5D elevation. 
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Figure 5.11 (a) Digital image, (b) velocity field and (c) normalised velocity contour during second cycle’s 
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Figure 5.12 (a) Digital image, (b) velocity field and (c) normalised velocity contour during second cycle’s 
penetration with pipe centre at 0.5D elevation. 
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Figure 5.13 (a) Digital image, (b) velocity field and (c) normalised velocity contour during second cycle’s 
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Figure 5.14 (a) Digital image, (b) velocity field and (c) normalised velocity contour during second cycle’s 
penetration with pipe centre at 3.0D elevation. 
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Figure 5.15 (a) Digital image, (b) velocity field and (c) normalised velocity contour during second cycle’s 
extraction with pipe centre at 3.0D elevation. 
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Figure 5.16 (a) Digital image, (b) velocity field and (c) normalised velocity contour during second cycle’s 




                                         Chapter 5 Evolvement of Failure Mechanism in Riser-Soil Interaction 











                                         Chapter 5 Evolvement of Failure Mechanism in Riser-Soil Interaction 




Figure 5.17 Velocity (a) Digital image, (b) velocity field and (c) normalised velocity contour during second 
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Figure 5.20 Normalised velocity contour plots during (a) third, (b) fourth and (c) fifth cycle’s penetration with 
pipe centre at 0D elevation.
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Figure 5.22 Normalised velocity contour plots during (a) third, (b) fourth and (c) fifth cycle’s penetration with 
pipe centre at 1.9D elevation. 
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Figure 5.24 Normalised velocity contour plots during (a) third, (b) fourth and (c) fifth cycle’s penetration with 
pipe centre at 3.0D elevation. 
 
 
                                         Chapter 5 Evolvement of Failure Mechanism in Riser-Soil Interaction 






                                         Chapter 5 Evolvement of Failure Mechanism in Riser-Soil Interaction 










                                         Chapter 5 Evolvement of Failure Mechanism in Riser-Soil Interaction 








                                         Chapter 5 Evolvement of Failure Mechanism in Riser-Soil Interaction 




Figure 5.26 Normalised velocity contour plots during (a) third, (b) fourth and (c) fifth cycle’s extraction with 
pipe centre at 3.0D elevation. 
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Figure 5.28 Normalised velocity contour plots during (a) third, (b) fourth and (c) fifth cycle’s extraction with 
pipe centre at 1.9D elevation. 
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Figure 5.30 Normalised velocity contour plots during (a) third, (b) fourth and (c) fifth cycle’s extraction with 
pipe centre at 0.5D elevation. 
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Figure 5.31 Illustration of the collapse of soil block occurred on top of the pipe as the pipe is extracted near the 
ground surface elevation for (a) first, (b) second, (c) third, (d) fourth and (e) fifth cycles.
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Chapter 6  
FURTHER ANALYSIS AND INTERPRETATION OF 





In Chapter 4, centrifuge model test results are presented in detail. A base case 
result was presented and used to compare with the subsequent parametric studies. 
Parametric studies on the effect of undrained shear strength gradient, k, rate of 
displacement, v, peak-to-peak cyclic amplitude, A, and water entrainment on 
pipeline-soil interaction problem were also presented in the subsequent section 
and summarised at Table 4.1. In Chapter 5, PIV analysis was performed to study 
the evolvement of failure mechanisms as the seabed was repeatedly loaded by the 
pipe. 
 
In this chapter, the centrifuge test results will be further analysed and to be 
compared with the existing solutions presented in Chapter 2. Upper bound 
plasticity solutions to predict the monotonic penetration and extraction’s load 
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penetration response will be presented. Next, based on ring shear test results on 
the soil, a soil strength degradation model is developed to predict the soil strength 
at steady state will be shown. Lastly, centrifuge test results from Chapter 4 are 
compared with the proposed model utilising both the plasticity solution and soil 
strength degradation model. 
 
6.2 Basis of analysis 
The centrifuge test results revealed that the penetration and extraction resistance 
decreases as the number of load cycle increases. This phenomenon is mainly 
attributed to two factors. Firstly, it is due to the degradation of the soil strength as 
the soil around the pipe is repeatedly sheared. The results of a series of parametric 
tests have been presented in detail in Chapter 4. Secondly, the degradation of 
penetration extraction resistance is caused by the evolution of the failure 
mechanisms as the pipe repeatedly penetrated into and was extracted from the 
seabed, as discussed in Chapter 5. In this chapter, the evolution of failure 
mechanism with number of load cycle will be first described. Prediction of the 
changes in soil strength will be addressed in the latter part of this chapter. 
 
6.3 Prediction of penetration resistance 
The penetration resistance of an infinite cylindrical object shallowly and deeply 
embedded into homogeneous soils has been studied by various researchers in the 
past. Besides that, different methods to modify the bearing capacity factor, Nc, has 
been proposed for the case of soil strength increasing with depth. In this section, 
the penetration resistance profiles obtained from centrifuge model tests will be 
compared with these existing solutions to investigate the suitability of these 
methods to analyse a pipe penetration/extraction problem in soil with linearly 
increasing shear strength. Shortcomings of the existing solutions will be 
addressed. A set of non-dimensional parameters, different from the ones 
conventionally used, will be presented. By using this set of non-dimensional 
 
 
                        Chapter 6 Further Analysis and Interpretation of Centrifuge Test Results 
  214  
parameters, a new upper bound solution is proposed to back analyse the 
penetration resistance obtained from centrifuge test results. 
 
6.3.1 Comparison of bearing capacity factor, Nc 
Previous studies of pipeline penetration have made use of bound solutions (Murff 
et al. 1989, Aubeny et al. 2005) but these do not account for factors such as local 
heave, variation of shear strength with depth, and disturbance of the strength 
profile due to pipe penetration. For T-bar tests (Stewart & Randolph 1991, 1994), 
a constant bar factor is generally adopted for estimating the shear strength from 
the bearing resistance, regardless of depth. Barbosa-Cruz & Randolph (2005) 
reported that at very shallow depths, this factor should be reduced and they have 
proposed depth-dependent bearing capacity factors for the analysis of shallow-
embedded pipe up to a maximum embedment of 5D. The following relationship 
provides a simple formulation that can be used to fit their data, 
 
deepcNc NN ,*φ=        Equation 6.1 
 
where Nc,deep is the maximum value of Nc and is applicable to deep embedded 
pipes with several pipe diameters penetration and Nφ  is a transition factor that 
















⎡ −−=φ     Equation 6.2 
 
where Dww /=  is the displacement, w, of the pipe invert below the ground 
surface normalised by the pipe diameter, D; deepNw ,  is the normalised 
displacement at which Nc,deep occurs; and AN , BN are parameters controlling the 
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abruptness of the transition at deepNw ,  and the initial steepness of the relationship, 
respectively.  
 
The penetration resistances of Tests S-A-01 (base case) and S-C-02 will be used 
to compare with the existing solution. The pipe is considered as ‘smooth’. The 
soil is non-homogeneous since the shear strength of the soil increases linearly 
with depth. To compare with the existing solution, the soil buoyancy should be 
subtracted from the penetration resistance. Since the pipe is not fully submerged, 






wwwwwDA −−−−= −   Equation 6.3(a) 
 
Merifield et al. (2009) suggested that the upward buoyancy force is greater than 
the weight of the soil displaced if the embedment of the pipe creates heave, 
altering the geometry of the soil surface. They suggested a factor, fb, to be 
multiplied with the buoyancy force. If fb=1 then this term is in accordance to 
Archimedes’ principle: the upward buoyancy force equals the weight of the 
displaced fluid. Merifield et al. (2009) suggested fb=1.33 for the case where a pipe 
is not fully submerged. 
 
Similarly for the solution given by Verley and Lund (1995), it should be corrected 
for the buoyancy force because the prediction is based on empirically fitted in-situ 
data. For Barbosa-Cruz & Randolph (2005)’s solution, Nc can be obtained using 
Nc,deep = 8.39 and deepNw , , AN , BN = 3.14, 1.17 and 3.14 respectively, as suggested. 
 
Various researchers have proposed different equations to predict the Nc for pipe 
embedment up to 0.5D as reported in Chapter 2, e.g. Murff et al. (1989), Verley 
and Lund (1995), Merifield et al. (2008), Aubeny et al. (2005) and Barbosa-cruz 
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and Randolph (2005). These predictions (Equation 2.2(b), 2.3, 2.4, 2.14 and 6.1) 
are compared with the centrifuge test results with two different shear strength 
gradients of 5.79 and 3.89 (Test S-A-01 and Test S-C-01 respectively) in Figure 
6.1. To obtain the bearing capacity factor Nc profile of the centrifuge test results, 
the penetration resistance obtained from experimental study is normalised by the 
undrained shear strength at the pipe invert. The total unit weight of the soil is 
assumed to be 16.6 kN/m3. (Table 3.1)  
 
Figure 6.1 shows that solutions proposed by Murff et al. (1989) and Barbosa-Cruz 
and Randolph (2005) give a tightly bracketed solution as w/D > 0.2. The Verley 
and Lund (1995) solution gives a lower estimate of pipe penetration resistance for 
w/D < 0.1 but a much higher penetration resistance when w/D > 0.2. Predictions 
by Merifield et al. (2008) are lower than those of Aubeny et al. (2005) when the 
pipe embedment depth is small (w/D < 0.21 and 0.42 for smooth and rough 
interface). However, bearing capacity factors obtained from Test S-A-01 and S-C-
02 (with different shear strength gradient, k = 5.79 and 3.89) do not fall onto the 
same line. This observation suggests that the bearing capacity factor is a function 
of shear strength gradient. In addition, the plot has also shown that the 
discrepancy between predictions increases as the pipe embedment depth increases. 
 
Furthermore, bearing capacity factors, Nc, obtained from Equations 2.14 and 6.1, 
Tests S-A-01 and S-C-02, at w/D > 0.5 are compared. To compare Equation 6.1 
with the experimental results, values of Nc,deep, deepNw , , AN and BN remain the same. 
For centrifuge test results, the two Nc profiles are plotted by normalising the 
penetration resistance by su at the pipe invert and pipe centre for each test. Similar 
to the comparison on w/D < 0.5, the net penetration resistance is obtained by 
offsetting the soil buoyancy component from the penetration resistance before the 
computation of bearing capacity factor. PIV analysis presented in Chapter 5 has 
shown that the cavity started to collapse on top of the pipe when w/D > 1, 
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therefore it is assumed that the pipe is fully submerged (fb=1). The soil buoyancy 
per metre length is the product of cross sectional area of the pipe and buoyant 

















πγ      Equation 6.3(b) 
 
where P is the penetration resistance. For the centrifuge model test results, γ’ is 
assumed to be constant throughout the depth. Equation 6.3(b) is also used to 
compute the value of Nc for Test S-A-01 and S-C-02. 
 
Figure 6.2 compares the Nc values obtained from Equations 2.14 and 6.1 and 
experimental results. Using the solution for ‘smooth’ pipe proposed by Aubeny et 
al. (2005), the predicted Nc value is significantly lower than that of the Barbaso-
Cruz and Randolph (2005)’s solution. This is due to the different su used for the 
computation of Nc. Aubeny et al. (2005) used the su at pipe invert which the they 
employed an empirically fitted function to increase the Nc value as pipe 
embedment increases. The experimental results of Tests S-A-01 and S-C-02, 
normalised by su at pipe invert, agree well with those of Aubeny et al (2005). The 
present test results normalised using su at the pipe centre are slightly smaller than 
the one predicted using Barbosa-Cruz and Randolph (2005). 
 
For experimental results normalised by su at the level of pipe centre, the Nc profile 
for different k converge as w/D > 2.8. However, large Nc values are obtained for 
Nc computed using su at pipe centre elevation for w/D < 1.5. It is because the 
penetration resistance normalised by low su at the shallow embedment. PIV 
analysis in Chapter 5 shows that confined flow-around cylinder mechanism was 
fully developed when the pipe penetrated to w/D = 3.  
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Combining these observations, it is reasonable to comment that the effect of k  on 
Nc diminishes as the failure mechanism approaches deep flow-around cylinder 
mechanism. However, it has been shown in Chapter 5 that the failure mechanism 
is not symmetrical about the horizontal plane across the pipe centre. Therefore, 
the su taken at pipe centre might not represent the average su for a flow-around 
cylinder failure mechanism. Moreover, the Nc values at shallow embedment and 
transition to the flow-around cylinder mechanism varies with k which makes the 
choice of su to compute Nc arbitrary. Therefore, another form of dimensionless 
group is proposed in the next section to analyse the penetration resistance. 
 
6.3.2 Dimensional analysis 
Figure 6.3 illustrates the parameters involved to determine the penetration 
resistance of pipe embedment. Undrained shear strength increasing linearly with 
depth with su=0 when z=0 is considered as  
  
 su = k * z       Equation 6.4 
 
In this exercise, the undrained shear strength of the ground is characterised by k 
rather than su as presented in the previous sections. This would eliminate the 
arbitrary in choosing the representative su for a given failure mechanism in 
linearly increasing soil strength. However, this would only be applicable for linear 
increasing soil strength profile which is rather idealised. Nevertheless, reasonable 
approximation on the soil strength profile can be made in the actual design. For 
example, approximation of linearly increasing strength can be made in multi-
layered ground condition. Taking the fundamental dimensions as force, F and 
length, L, the dimension of k is [undrained shear strength / depth] = [FL-2]/[L] = 
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P force/unit length between pipe and soil FL-1 
D pipe diameter     L 
z pipe embedment depth   L 
k shear strength gradient   FL-3 
γ　 unit weight of soil    FL-3 
 
There are 5 parameters and 2 fundamental dimensions, therefore three (=5-2) 
independent dimensionless groups can be written as P/kD2, γ/k and z/D. The 
normalised penetration resistance, P/kD2 should be plotted against normalised 
pipe penetration, z/D for different values of γ/k. The unit weight of soil is taken to 
be constant for all the experiments presented in Chapter 4. 
 
6.3.3 Penetration profiles of experimental results 
Figure 6.4 compares the normalized penetration resistance of the first cycle of 
Tests S-A-01, D-F-01, D-G-01, D-G-02, S-C-02, S-B-01 and S-C-01. The test 
parameters are summarized in Table 4.1. Three different values of γ/k=1.04, 3.63 
and 1.54 (equivalent to the k=5.79, 1.65 and 3.89 respectively). For γ/k=1.04, the 
results of two pipe diameters of 1.0 m (Test S-A-01) and 0.6 m (Test D-F-01, D-
G-01 and D-G-02) are compared. Similarly for γ/k=3.63, the results of two 
diameters of 1.0 m (Test S-C-01) and 0.6 m (Test S-B-01) are plotted and the 
results reveal a higher magnitude of normalised penetration resistance (P/kD2) as 
compared to the cases of γ/k=1.04. For a value of γ/k, the normalised penetration 
profiles of different pipe diameters agree well as shown by Tests S-B-01 and S-C-
01. It suggests that the proposed dimensionless form of penetration resistance 
(P/kD2) does not change with D given a value of γ/k. For the case of γ/k=1.54, the 
normalised penetration resistance lies between that of γ/k =3.63 and 1.04. 
 
The above has demonstrated the suitability of the above proposed dimensionless 
groups to model the resistance of an object penetrating in seabed with undrained 
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shear strength profile that follows Equation 6.4. Subsequently, simple failure 
mechanisms to predict the normalised penetration resistance are presented. The 
effect of non-homogeneity of undrained shear strength on the failure mechanism 
will also be addressed. 
 
6.3.4 Proposed failure mechanism 
Figure 6.5(a) and (b) show mechanisms of plastic collapse of a penetrating 
circular object in undrained loading condition. It is assumed that a square block 
inclusive of soil and the circular object moves as a rigid body. In order to emulate 
the penetration process in the experiments, two different mechanisms to account 
for the difference in failure mode at different pipe displacement are shown. Figure 
6.5(a) shows the failure mechanism corresponding to 0 < w ≤ D, which consists of 
five isosceles triangular wedges with variable inner angle, θ, and two rectangular 
wedges. Interface factor between the pipe and clay is denoted as α, i.e. surface 
force, fs = α * su. Figure 6.5(b) shows the failure mechanism corresponding to w > 
D. A block of soil of equal width and height is idealised to be penetrating together 
with the pipe. It has two additional right angle triangles with the shape controlled 
by an arbitrary angle, β above the square rigid block to simulate the cavity 
collapse as w increases. By considering an undrained soil strength profile linearly 
increasing with depth, the upper bound plasticity solutions can be obtained for 0 < 
w ≤ D and w > D as follows. 
 
























   Equation 6.5(a) 
 
 
For w >D, 
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 Equation 6.5(b) 
 


















  Equation 6.5(c) 
 
The first derivative (Equation 6.5(c)) is a function of w/D which means that the 
value of θ corresponds to the minimum P/kD2 changes with w/D. By equating the 
derivative to zero and solving for θ, we will obtain an optimised θ that 
corresponds to the minimal P/kD2. On the other hand, the optimization of 
Equation 6.5(b) involves 2 variables, θ and β. A gradient descent algorithm 
(Avriel, 2003) is applied to Equation 6.5(b) to find the minima and the 
corresponding θ and β where they occur. 
 
Together with the optimised value of θ and β over different w/D, Equations 6.5(a) 
and 6.5(b) can be plotted in the Cartesian space of P/kD2 versus w/D for smooth 
pipe scenario (α = 0) with k=5.54, 3.71 and 1.57 (with γ/k = 1.04, 1.54 and 3.63 
respectively). Figure 6.6 shows the comparisons between the proposed upper 
bound solution and the load displacement relationship of the first penetration 
obtained from the experiment. The upper bound solution is able to predict the 
trend however the magnitude of P/kD2 is higher than the experimental results. 
Similar to the experimental results, the upper bound solutions also show that the 
normalised penetration resistance profiles vary with different shear strength 
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gradient, k. This is accounted for by the net potential term, γ/k, in Equation 6.5 (a) 
and (b). 
 
Nevertheless, the upper bound penetration resistances are derived based on a 
“wish-in place” assumption. This does not necessarily reflect the real case in 
which the object continuously penetrates into the ground. As the pipe penetrated 
the ground in a continuous manner, the same soil element was sheared 
progressively at different penetration instances. Therefore, the available undrained 
shear strength for shearing will actually be lower than the assumed su in the upper 
bound analysis. Zhou and Randolph (2009) stated that, in the event where soil 
strength softening is considered in a continuous penetration, the resistance 
experienced by the pipe is likely to reduce by 20 to 40%. The upper bound 
solutions are re-plotted by taking the lower bound reduction of 20% in Figure 6.7. 
The predicted penetration resistances for different γ/k are within 10% from the 
experimental results. With a more refined and optimised failure mechanism, the 
predicted penetration resistances would be much closer to the experimental results. 
 
6.3.5 Comparison of penetration resistances in homogeneous 
and non-homogeneous undrained shear strength profile 
Using the same failure mechanism shown in Figure 6.5(a), the plastic collapse 









+++= αθθ    Equation 6.6(a) 
 
considering a homogeneous undrained shear strength of su. 
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4 +++= αθθ     Equation 6.6(b) 
 













u     Equation 6.6(c) 
 
Equation 6.6(c) shows that the optimised P/suD, unlike the case of non-
homogeneous undrained shear strength, is not a function of w/D. The value of θ 
can be optimised by equating Equation 6.6(c) to zero and solving for θ. 
 
Figure 6.8 compares the optimised θ at different pipe embedments for 
homogeneous and non-homogeneous undrained shear strength profiles. For the 
case of non-hemogeneous undrained shear strength, the optimised θ increases 
drastically to about 47o at about 0.5D pipe embedment. The optimised θ stabilised 
at about 56o upon reaching pipe embedment of 3.5D. This is significantly lower 
than the value for homogeneous undrained shear strength condition of 
approximately 74o. This illustrates that the failure mechanism for a linearly 
increasing shear strength profile is significantly shallower than the constant shear 
strength profile. It also implies that using su at pipe invert to calculate Nc for 
penetration in increasing soil strength profile is not representative of the average 
su assumed in the solutions for homogeneous soil strength profile. 
 
6.4 Prediction of extraction resistance 
Compared to the prediction of penetration resistance, the prediction of extraction 
resistance has not been studied as much. As presented in Chapter 2, Merifield et 
al. (2001) performed numerical formulations of limit theorem developed by Sloan 
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(1988) and Sloan and Kleeman (1995) on the uplift behaviour of anchor in both 
homogeneous and non-homogeneous clay. The uplift factor, Nc,uplift for non-
homogeneous undrained shear strength condition can be estimated by Equation 
2.8(c). However, suo simulated in the current centrifuge model experiments is zero 
and that gives an infinity value of Nc,uplift. 
 
Instead of using the solution applicable for non-homogeneous clay, the one for 
homogeneous clay is being used to compare with Test S-A-01. The representative 
undrained shear strength is taken at the mid depth of the final pipe embedment, 
su=5.79*1.5=8.69 kPa. 
 
Hodder and Cassidy (2010) presented an empirically fitted expression to predict 














⎛= φ       Equation 6.7(a) 
 
where Vo is the ultimate penetration resistance at the corresponding embedment 
depth; (Vt/Vo)deep is the normalized uplift capacity at deep embedment and φuplift is 
















⎡ −−=φ    Equation 6.7(b) 
 
Figure 6.9(a) plots the Nc,uplift predicted by Merifield et al. (2008) and the Nc,uplift 
obtained from Test S-A-01 normalised by su at pipe invert and centre, respectively. 
The Nc,uplift normalised by the intact su,invert and su,mid agrees well at the beginning 
of the uplift process. As the pipe is further lifted, the discrepancy increases. 
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However, these Nc values are significantly lower than that predicted by Merifield 
et al. (2008). As described in Chapter 4, the uplift process was carried out 
immediately after the pipe embedded at the pre-determined depth. The soil that is 
sheared in the first penetration is not able to undergo full consolidation. In this 
case, the pipe is actually lifted through soil with lower undrained shear strength 
which leads to lower Nc as compared with Merifield et al. (2008)’s solution. 
 
The result from the same test is also compared against that reported by Hodder 
and Cassidy (2010) in Figure 6.9(b). As Equations 6.7(a) and (b) give the uplift 
capacity instead of Nc factor, they are plotted separately from the prediction by 
Merifield et al. (2008). The uplift resistance is predicted by determing (Vt/Vo)deep, 
which is the uplift capacity normalised by the penetration resistance at the final 
pipe embedment. In Chapter 5, it had been shown that the flow-around cylinder 
type of deep failure mechanism indicates (Vt/Vo)deep is equal to (Vt/Vo) at 3D pipe 
embedment. Therefore, the accurate prediction of maximum uplift resistance by 
Hodder and Cassidy (2010) is expected to be straight forward. As the pipe 
embedment decreases, the solution from Hodder and Cassidy (2010) shows a 
similar trend as the experimental result although with lower uplift resistance. 
Towards the ground surface, the uplift resistance from Test S-A-01 is almost 
negligible due to the presence of a trench formed during the previous penetration 
as in Chapter 4. However, this phenomenon does not appear in Hodder and 
Cassidy (2010)’s solution, because of their assumption that the ground geometry 
remains unchanged after the first penetration. 
 
6.4.1 Proposed failure mechanism 
A failure mechanism to predict the uplift resistance is proposed in this section. 
Figure 6.10 shows the block failure mechanism of an uplift for (a) w > D and (b) 
0 < w ≤ D. Similar to the propose failure mechanism of pipe penetration, it is 
assumed that the soil surrounding the circular object in a soil block moves as a 
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rigid body with the pipe. There are generally similar to the ones presented in 
Section 6.3.4 for an object penetrating the ground in undrained loading condition 
with the exception that two addition parameters are included to control the 
relative velocities of the pipe and the soil directly below the pipe invert. As 
depicted in Chapter 5, the instantaneous velocity of the identical soil block was 
smaller than unity. This observation implies that it was not moving together with 
the pipe. In order to reflect this observation in the current proposed failure 
mechanism, the velocity of the soil block is assumed to move at η fraction of the 
pipe velocity. As a result, there will be a ‘gap’ of height, μD or (1- η)D, written as 
a function of pipe diameter, D, forming below the pipe invert. The sum of η and μ 
is unity to conserve the total velocity of the pipe. Values of β at different w/D are 
assumed to be the same as those from the optimization of Equation 6.5(b). 
 
By considering an undrained soil strength profile linearly increasing with depth, 
upper bound plasticity solutions can be obtained for w > D and 0 < w ≤ D as 
follows. 
 


















































 Equation 6.8(a) 
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  Equation 6.8(b) 
 
Equations 6.8(a) and (b) consist only one parameter, θ, to be optimised which can 
be done through equating the first derivates of respective equations to zero. The 
first derivatives are functions of w/D implying that the optimised θ is a function of 
w/D. Taking η=1, Equations 6.8(a) and (b) would essentially simplify to the form 
shown in Equations 6.5(a) and (b). In addition, a force equilibrium is presented in 
Figure 6.11 to calculate the contribution of shearing resistance along the slip 
plane towards the pipe uplift resistance. In this case, a pair of vertical slip planes 
is chosen, which will predict the lowest uplift resistance as compared to other slip 
plane that deviates from the vertical slip with θslip as shown in Figure 6.11. The 
soil shearing resistance provided by the soil block below the pipe is assumed to be 
equal to the force component induced by the difference in pore pressure from the 
hydrostatic pressure. Equation 6.9 computes the normalised uplift resistance of 
























P α        Equation 6.9(b) 
 
A series of Puplift/kD2 at different w/D are plotted in Figure 6.12 using Equation 
6.8(a) and (b) by taking η of 0.6, 0.8 and 1.0. In addition, Equations 6.9(a) and (b) 
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are also plotted. It should be noted that the solution obtained from Equation 6.8 
should be compared with the total uplift resistance while Equation 6.9 should be 
compared with the uplift resistance contributed by soil (Rsoil). 
 
The upper bound solution from Equation 6.8 shows that the normalised uplift 
resistance decreases with η due to the reduction in relative velocity between the 
pipe and the soil blocks. However, the upper bound solution over estimated the 
uplift resistance obtained from the experiment. Firstly, the continuous shearing 
process, as described in Section 6.3.4, is not accounted for. The effect of this 
might not be as significant as that shown in the penetration resistance calculation. 
Secondly, the penetration resistance obtained from Test S-A-01 is normalised by 
the intact undrained shear strength gradient, k. The magnitude of k would have 
been expected to reduce due to heavy remoulding of surrounding clay after the 
first penetration. By using a smaller k, the experimental result will shift towards 
the upper bound solution. Changes of k with number of load cycles will be 
addressed in the subsequent part of this chapter. Lastly, the ground geometric 
changes after the first penetration, as presented in Chapter 5, is not accounted in 
the failure mechanism in which it would reduce the predicted uplift resistance. 
 
Comparison between the uplift resistance predicted from simple slip failure 
mechanism and the experiment result shows that, the soil weight on top of the 
pipe and the shearing resistance along the slip plane contributed towards the total 
pipe uplift resistance. This would provide additional evidence that the change in 
undrained shear strength gradient, k, should be taken into consideration during the 
uplift resistance prediction. 
 
The proposed block failure mechanism for pipe penetration/uplift would predict a 
higher resistance than that of circular failure mechanism. Nevertheless, it is 
shown to be able to predict the pipe penetration/uplift resistance of the first cycle 
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reasonably well. This is possibly due to the total length of slip lines considered in 
the current failure mechanisms is not very different from that of circular failure 
mechanism.  
 
Slip line represents a line where a discontinuous velocity between two soil blocks 
occurs. Normalised velocity contours presented in Chapter 5 have shown that slip 
line failure is not observed in the centrifuge model test. Therefore, the slip lines 
considered in the upper bound failure mechanism only serve to approximate the 
average resistance mobilised when the soil around the pipe is being sheared. It 
should be noted that, the proposed failure mechanisms are not modelling the true 
failure mechanisms as those presented in Chapter 5. 
 
6.5 Degradation of soil strength 
The previous sections propose new upper bound solutions for pipe penetration 
and extraction and compared them to the experimental results. In this section, the 
degradation of the soil strength and how it attributes to the degradation of pipe 
penetration and extraction resistance will be investigated. PIV analysis presented 
in Chapter 5 has shown that the failure mechanism of pipe penetration and 
extraction did not change significantly after the first pipe penetration.  
 
As described in Chapter 2, the main design concern for SCR involving riser-soil 
interaction problem is fatigue stress failure rather than the ultimate stress failure. 
Therefore, only the soil strength at steady state (resistance does not change with 
number of load cycle) will be investigated. Firstly, ring shear tests were 
performed to investigate the lower bound strength of the Malaysian Kaolin clay 
used in the present centrifuge study. In the subsequent part, the results of ring 
shear tests will be incorporated with the upper bound plasticity solutions and 
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6.5.1 Ring shear tests 
In Chapter 4, the results of Tests D-F-01, D-G-01 and D-G-02 have shown that 
the penetration resistance can decrease to as little as 15% of the intact resistance 
at the steady state condition, which corresponds to a sensitivity of 6.7. Ring shear 
tests were hence performed to determine the degraded shear strength of the 
Malaysian Kaolin clay. PIV analysis in Chapter 5 shows that the failure 
mechanism for pipe penetration and extraction did not change after the first 
penetration which suggests that the slip planes would remain approximately the 
same at steady state. This might lead to the formation of slickensided surface at 
the slip failure planes. Duncan and Wright (2005) suggested that slickenedsided 
shear surfaces are usually formed in clay soils as a result of shear on distinct 
planes of slip, which aligns the plate-like clay particles parallel to the plane of slip. 
Skempton (1964) stated that the drained shear strength along slickensided 
surfaces is called the residual strength, and is the lowest strength that can be 
measured for a clayey soil. 
 
6.5.2 Sample preparation and test procedures 
The ring shear tests described here were performed using a Bromhead ring shear 
device built by Wykeham Farrance Engineering Ltd. Figure 6.13 shows a 
photograph of the Bromhead ring shear apparatus used. The test specimens used 
in this apparatus had an internal diameter of 70 mm, external diameter of 100 mm 
and initial thickness of 5 mm. The ring shear tests were conducted using the test 
procedure described in the Standard Test Method for Torsional Ring Shear Test to 
Determine Drained Residual Shear Strength of Cohesive Soils (ASTM D 6467-
99). 
 
Figure 6.14 shows a section view of the Bromhead ring shear device. The 
magnitude of wall friction that is developed during shear is directly linked to the 
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intrusion of the top platen into the specimen container. Meehan et al. (2007a) 
attributed the causes of top platen intrusion to the settlement due to consolidation 
and soil extrusion during shearing. He presented a method to reduce the top platen 
intrusion by machining the inside and outside edges of the porous bronze top 
platen back to a 45o bevel. It was also shown that significant reduction in wall 
friction was obtained even if considerable top platen intrusion into the specimen 
container occurs during a test. Similar strategy was adopted in the current study 
and the top platen was modified. 
 
The soil sample was prepared in a way similar to the method described in Section 
3.5. Instead of using the centrifuge to consolidate the clay under self weight, the 
sample was left overnight to consolidate under self weight at 1g. Subsequently, 
the sample is loaded gradually to the maximum uniform pressure of 10 kPa. 
Sufficient time was allowed for the excess pore water pressure to dissipate. This 
consolidation process was to reduce the subsequent compression that occurred 
during the consolidation stage prior to the ring shear tests. It would reduce testing 
time and minimised the intrusion of the top platen into the specimen container 
during the ring shear test. 
 
Before the ring shear test began, the prepared clay was moulded into the 
Bromhead ring shear specimen container by hand and it was ensured that all gaps 
were filled during this process. After that, the clay was trimmed flush to the top of 
the specimen container. This specimen preparation procedure is consistent with 
recommendations by Bromhead et al. (1999) and Harris and Watson (1997). The 
specimen container was placed in the ring shear loading device and the specimen 
was consolidated using a series of load steps to the desired normal stress. The 
normal stress was applied by a deadweight lever-arm ratio of 1:10 and vertical 
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Upon the completion of consolidation to the desired normal stress, the test would 
then begin. In order to maintain a similar displacement rate used in the centrifuge 
experiments, the fastest velocity of 0.742 mm/s was adopted. This is the highest 
displacement rate that can be applied by the Wykeham Farrance Bromhead ring 
shear device. The soil sample was then sheared until steady state, in which the 
load readings from the proving rings do not change. Settlement of the soil sample 
and the shearing torque were recorded throughout the test. Four normally 
consolidated samples were tested at different normal stresses of 10, 20, 50 and 
100 kPa. An overconsolidated sample of OCR 5 was tested at normal stress of 15 
kPa. For the overconsolidated sample, the soil sample was firstly consolidated at 
the normal stress of 75 kPa and subsequently allowed to swell at 15 kPa before 
the start of the test. 
 
6.5.3 Computation of shear stress, τring and friction angle, φr’ 
Bishop et al. (1972) discussed the influence of distributions of shear stress across 
the sample in a ring shear test on the measured torque and hence the angle of 
shearing resistance calculated assuming uniform shear stress distribution. In some 
cases, errors of about 10% may arise. It is, however, much more likely that the 
distribution is close to the uniform one, particularly where the sample is narrow in 
comparison to its diameter. Conventionally, uniform shear stress is taken when 
residual soil strength has been reached and hence the torque, Tring, transmitted 
through the sample is given by 
 




, −=     Equation 6.10 
 
where rout,ring and rin,ring are the respective outer and inner sample radii and ringτ is 
the shear stress induced by the sample. 
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Since Tring is given by mean load from the proving rings, Fring, multiplied by the 
distance between them, Lring, i.e.  
 
Tring = (F1,ring + F2,ring) L/2      Equation 6.11 
 
By equating Equation 6.10 and 6.11. ringτ can be calculated by finding the load on 
























τφ −=       Equation 6.13 
 
and 'nσ  is the normal effective stress operating on the failure surface. 
 
6.5.4 Results and discussions 
Figure 6.15 plots the shear stress versus displacement of ring shear tests with 
normal stresses of 10, 20, 50 and 100 kPa. An additional test of sample with OCR 
5 was also performed at 15 kPa normal stress and the result is plotted in the same 
figure. For all the tests, a defined peak stress is observed, followed by a gradual 
decrease in shear resistance to the residual strength as the clay particles along the 
shearing plane were oriented in the direction of shear as postulated by Skempton 
(1964). The measured Bromhead ring shear test results agree in most respects 
with what had been observed for clayey soils in the NGI-type ring shear apparatus 
(e.g. Skempton 1985; Lemos et al. 1985; Tika et al. 1996). Apart from the 20 kPa 
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test, the shear stress reaches the peak at a maximum displacement of 100 mm. 
Pronounced cyclic fluctuation is observed in the tests performed and it is more 
profound at 100 kPa normal stress. This is possibly due to the unevenness 
between centering rod and top platen. Therefore, the magnitude of load measured 
appeared in cyclic nature in relation to the revolution. As the normal reaction 
force on the centering rod increases, the friction also increases which results in 
greater fluctuation for the test at 100 kPa. 
 
Using Equation 6.13, residual friction angle, φr’, is derived from the inverse 
tangent of the ratio of shear stress to normal stress. Figure 6.16 plots φr’ versus 
displacement for all the ring shear tests. The tests on NC sample, the peak friction 
angles fall in the range of 35o to 40o. The test on OC sample exhibited higher peak 
friction angle of about 45o. However, it should be noted that the non-uniform 
strain distribution greatly encourages progressive failure and it is therefore 
unlikely that the ring shear test will give accurate peak shear strength. 
 
Figure 6.17 shows the values of measured residual friction angle at steady state at 
different normal stresses. It clearly shows that the residual friction angle decreases 
as the normal stress increases. Lupini et al. (1981) reported that the effect of 
normal stress on residual friction angle is due to changes in structure and 
interference between particles, rather than to changes in intrinsic friction between 
the particles. This argument is supported by Cotecchia & Federico (1980) which 
revealed electron micrographs of shear surfaces formed in reversal shear box tests 
on clay where the clay particles became more ordered when sheared at higher 
normal stresses.  
 
For the test on overconsolidated sample, its residual friction angle lies between 
the one of 10 kPa and 20 kPa which shows that OCR does not appear to have an 
apparent effect on the residual friction angle. This observation is consistent with 
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the data presented by Lupini et al. (1981) who reported that the soil sample dilates 
during shearing and the strength should drop to a residual value, reached when 
dilation is completed. This is equivalent to the sample normally consolidated and 
sheared at the same normal stress. 
 
In order to mimic the displacement rate used in previous centrifuge experiments, 
only one strain rate is chosen in the ring shear test study. However, La Gatta 
(1970) tested undisturbed and remoulded London clay, pepper shale, Cucaracha 
shale and mica powders, varying stress history, stress level and shear rate. He 
found that increasing shear displacement rate from 0.6x10-2 mm/min to 60x10-2 
mm/min increased the residual strength by only 3.5%. His finding suggests that 
residual strength of clay is not a function of strain rate which is also consistent 
with the findings of Ramiah et al. (1970) and Skempton (1985). 
 
In Section 4.5.5, different soil strength degradation trends are observed in pipe 
cycling at shallow (cycling between 0D to 3D) and deep embedment (cycling 
between 4D to 5D). It was found that the soil strength degradation is more severe 
in the latter case although water entrainment did not occur.  Ring shear test results 
have shown that it is possible that the cycling of pipe at the greater depth would 
further reduce the residual strength of the clay. 
 
Furthermore, as demonstrated by the tests reported by Lupini et al. (1981), an 
orientated shear surface, once formed, is a permanent feature of the soil and is 
essentially unaffected by subsequent stress history. Since residual strength is 
likely to be low, such surfaces will have a significant influence on the bulk 
properties of the soil. This explains the phenomenon which the pipe penetration 
and extraction mechanism did not change after the first pipe penetration, as 
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6.6 Prediction of penetration and extraction resistance at 
steady state 
In this section, the residual friction angle obtained from the ring shear tests of the 
previous section will be incorporated to the proposed upper bound solution 
presented in Sections 6.3 and 6.4 to predict the penetration and extraction 
resistance at steady state.  
 
A power law equation is empirically fitted using results shown in Figure 6.17 to 
relate φr’ and 'nσ  as follows 
 
 φr’ = 56.1(σ'n)-0.64      Equation 6.14 
 
For the prediction of penetration and extraction resistance, the resistance at the 
mid-depth of cycling zone is assumed to be representative of the soil strength 
degradation behaviour. Thus, in the subsequent calculation, σ'n is assumed to be 
the normal effective stress at the mid-depth of the cycling zone. 
 
6.6.1 Comparison between the prediction and experimental 
results 
Assuming the degraded shear strength gradient, kd, degrades uniformly, it can be 
calculated by rewriting the empirical equation to predict su using Modified Cam 
Clay model (Equation 4.1) as 
 





γ      Equation 6.15 
where λ
κλ −=Λ  
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Tests S-A-01, S-C-01, S-C-02, S-E-01, S-E-02, D-F-01, D-G-01 and D-G-02 are 
used to compare with the proposed degradation model. Table 6.1 shows a 
summary of the parameters used for the computation of kd for these tests. Since 
the depths considered for the calculation of σ'n are greater than D for all cases, 
Equation 6.5(b) will be used to compute the penetration resistance, P, and θ is 
computed by Equation 6.5(c). It is not possible to obtain the degradation ratio 
from dividing kd by the intact k because k exists on both side of Equations 6.5(a) 
and (b). As such, the degradation ratio is obtained by finding the ratio of degraded 
P and the P of the first cycle. 
 
Figure 6.18 shows the comparison of predicted degradation ratio (kd/k) and the 
experimental results normalised by the experimental degradation ratio. For Tests 
S-A-01, S-C-01 and S-C-02, the model generally under predicts the degradation. 
The difference between experimental results and predicted degradation increases 
with OCR. These tests are performed at shallower depth where water entrainment 
occurs. Besides that, the pipe is extracted out of the ground at every cycle in all 
these tests. The downward motion of the pipe during re-penetration would drive 
the surface water towards the ground. This mechanism would then aggravate soil 
strength degradation which is not captured by the ring shear test. Therefore, with 
the introduction of addition water, the degree of degradation would increase with 
OCR due to the dilatancy nature of overconsolidated clay. 
 
The predictions of degradation in Tests S-E-01 and S-E-02 compare well with the 
experimental results. In these two tests, the final pipe embedment is the same as 
Tests S-A-01, S-C-01 and S-C-02 but with smaller cyclic amplitudes. 
Consequently, the ring shear test is able to simulate the degradation in these tests. 
As for Tests D-F-01, D-G-01 and D-G-02, the predicted strength degradation is 
lower than the experimental results. PIV analysis in Chapter 5 has shown that 
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vertical soil movement is observed underneath the pipe throughout the pipe 
penetration at first cycle. This implies that the soil with lower shear strength 
transferred from the shallower depth to the depth of cycling which further 
increases the degree of soil strength degradation. However, the effect is not so 
apparent for Tests S-E-01 and S-E-02 that cycled at shallower depth which would 
have a smaller difference between intact strength near the ground surface and that 
at the cycling depth. 
 
The same tests are used to compare the pipe extraction resistance predictions 
using the present model. Computation of kd for extraction resistance is the same 
with penetration resistance. Since the depths considered for the calculation of σ'n 
are greater than D for all cases, Equation 6.8(b) will be used to compute the pipe 
extraction resistance, Puplift. It is not possible to obtain the degradation ratio from 
dividing kd by the intact k because k exists on both side of Equations 6.8(a) and 
(b). Then the degradation ratio is obtained by finding the ratio of degraded Puplift 
and the Puplift of the first cycle. The comparison is presented in Figure 6.19 which 
the prediction generally agrees well with the experimental result apart from the 
test that cycled at shallow depth (Tests S-A-01, S-C-01 and S-C-02). This might 
be due to the water entrainment process, as described earlier, is not accounted in 
the present model. 
 
6.6 Implication on modelling of backbone curve 
Thethi and Moros (2001) stated that the virgin response curve can be considered 
as a ‘backbone curve’, which serves as a building block and bounding surface for 
subsequent riser/soil response curves. Conversely, the riser/soil response curve 
can be considered as a load path bounded by the backbone curve. The concept is 
illustrated in Figure 2.25 schematically, presenting penetration and suction 
backbone curves, and examples load-displacement paths of subsequent and 
successive load reversals. 
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Centrifuge test results presented in Chapter 4 have shown some major findings to 
improve the modelling of backbone curve. The load displacement response is 
found to approach steady state at about eight number of cycles. It is a significance 
finding which implies that using remoulded soil strength in design of riser fatigue 
life would be more appropriate. This is because riser-soil interaction is 
categorised as a high cycle fatigue problem, the response at the first few cycles 
will have an insignificant effect on the total fatigue damage induced on the riser.  
 
Present study has shown that suction is not the only component that contributes to 
uplift resistance. Centrifuge test results (Section 4.4.3) and PIV analysis (Figure 
5.8(c)) show that weight of soil on top of the pipe and shearing resistance along 
the slipping planes contribute towards the uplift resistance. Study of the pore 
water pressure response has shown that suction (negative excess pore water 
pressure) underneath the pipe diminished rapidly during the pipe uplift at first few 
cycle. Diminution of the pore water pressure is due to the degradation of soil 
strength below the pipe embedment depth as described in Section 4.4.2. 
Furthermore, velocity contours from PIV analysis on the pipe uplift presented in 
Chapter 5 have supported the argument. Therefore, the effect of suction of riser 
fatigue damage may not be as significant as reported by Clukey et al. (2007). 
 
Soil samples with various OCR were used in the centrifuge experiments to 
generate different shear strength gradients. It is found that soil strength 
degradation aggravates when the OCR of the soil sample increases which is due 
to the dilatancy behaviour of the overconsolidated clay as described in Section 
4.5.2. Both normally consolidated and overconsolidated clay in deepwater 
environment have been reported by previous researchers. Using the degraded 
strength of normally consolidated clay would be more conservative for the fatigue 
design of SCR. 
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Effect of inertia is shown to be negligible in modelling SCR response at TDZ. 
Furthermore, within the riser pipe displacement rate of between 1 to 6 mm/s 
examined in the present study, the load displacement relationship and the 
degradation profile does not change. These observations imply that dynamic 
effects are not pronounce in the modelling of SCR fatigue analysis, in which 
quasi-static assumption could be made. 
 
As shown in Figure 2.8, the length of SCR situated at TDZ could be up to 50 m. 
Different sections of SCR are subjected to different cyclic amplitudes. Centrifuge 
test results have shown that if the pipe is allowed to breakout out of the ground, 
the soil strength degradation will increase because of water entrainment. From the 
tests which the pipe cycled at deeper embedment, the degradation is also shown to 
be higher due to the increase in effective stress of the soil. However, it is difficult 
to model the effect of water entrainment. Therefore, using the degraded soil 
strength derived from the non-breakout case would not only reduce the 
conservatism of current design practice, it also provides safety margin given that 
the strength degradation could be higher when the pipe breaks out from the 
ground or cycling at deeper embedment. 
 
A backbone curve for homogeneous soil strength can be derived from existing 
solutions in the earlier section. For penetration, solution proposed by Aubeny et al. 
(2005) and Barbosa-Cruz and Randolph (2005) provide a good bound for the 
centrifuge test results. However, the prediction for uplift resistance in 
homogeneous soil strength is not as well studied. Merifield et al. (2008) will 
predict a higher uplift resistance if su of the intact ground is used. This is because 
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A simple backbone curve for SCR cycling in a soil with increasing shear strength 
can be derived from the present studies. For penetration, PIV analysis and limit 
analysis have shown that the slip plane tends to be shallower than that of the 
homogeneous soil strength when the pipe is shallowly embedded. Therefore, 
solutions proposed by Aubeny et al. (2005) and Barbosa-Cruz and Randolph 
(2005) only provide a good bound after the soil failure mechanism transits to a 
deep localised flow. Solution by Barbosa-Cruz and Randolph (2005) applies a 
depth factor to Nc when the soil failure mechanism has not reached the deep 
localised flow. The embedment depth which the flow reaches deep flow 
mechanism has to be known in order to apply their solution on increasing soil 
strength profile.  
 
To remove the arbitrariness in choosing su for the computation of penetration 
resistance, a new dimensionless group has been proposed in the present study. 
The soil strength is characterised by k rather than su which would avoid the need 
to choose for appropriate su. The relationship of normalised penetration resistance 
and uplift resistance (P/kD2) with normalised pipe embedment depth (z/D) are 
derived in the forms of Equations 6.5 and 6.8, respectively. The shear strength 
gradient, k, is needed to derive the P versus z relationship. Linear approximation 
can be made from the in-situ or laboratory soil testing results to obtain the shear 
strength gradient of the virgin ground. As described in the last section, centrifuge 
test results have shown that SCR response reaches steady state in about eight 
cycles. For a high cycle riser-soil interaction problem, using soil strength at the 
steady-state in fatigue analysis will be more reasonable.  
 
In the present studies, ring shear tests had been performed to quantify the residual 
strength of the clay. The results have predicted higher soil strength at steady state 
than the centrifuge test results’ because the effect of soil movement from weaker 
to stronger layer and water entrainment is not accounted in the ring shear tests. 
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Ring shear test provides an independent mean to obtain the soil shear strength at 
steady state. It can be performed at various effective normal stresses to derive the 
relationship between the effective normal stress and residual friction angle of the 
soil. This is to account for different embedment depth and cyclic amplitude along 
the SCR at TDZ.  
 
However, it should be noted that the effect of pore water pressure migration is not 
accounted for. As shown in Test S-B-01 (Section 4.5.1), excess pore water 
pressure dissipated when large number of cycles were carried out. As a result, the 
soil strength surrounding the high remoulded zone changed. For the soil 
underneath the maximum pipe embedment, positive excess pore water pressure 
was generated when it was repeatedly loaded by the pipe. While excess pore 
water pressure dissipates and the effective stress would increase which in turn 
increases the soil strength. 
 
6.7 Conclusions 
In this chapter, the centrifuge test results is further analysed and compared with 
the existing solutions presented in Chapter 2. Upper bound plasticity solutions to 
predict the monotonic penetration and extraction load penetration response are 
presented. Subsequently, ring shear test results and a soil strength degradation 
model to predict the soil strength at steady state are presented. The centrifuge test 
results presented in Chapter 4 are used to compare with the proposed model 
utilising both the plasticity solution and soil strength degradation model. 
 
Prediction of penetration resistance of a cylindrical object into the soil has been 
extensively studied by previous researchers. Different solutions derived from limit 
analysis, numerical studies and experimental observation were proposed for 
homogeneous and non-homogeneous soil strength. The penetration resistance, P, 
is commonly related to the shear strength, su, in the form of P = Nc * su. Randolph 
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and Houlsby (1984) proposed a factor of 10.5 for a cylinder penetrating a 
homogenous ground at great depth where flow-around cylinder mechanism occurs. 
Nc is usually modified when it is applied to non-homogeneous soil strength profile 
and for shallowly embedded cylindrical object. For example, Barbosa-Cruz & 
Randolph (2005) stated that at very shallow depths, Nc, should be reduced and 
they proposed depth-dependent bearing capacity factors for the analysis.  
 
These solutions are compared with the present experimental results. It is noted 
that the effect of non-homogeneous soil strength diminishes as the failure 
mechanism approaches deep flow-around cylinder mechanism. However, it has 
been shown in Chapter 5 that the failure mechanism is not symmetrical about the 
horizontal plane across the pipe centre in cases where soil strength increases 
linearly with depth. Therefore, the su taken at pipe centre might not represent the 
average su for a flow-around cylinder failure mechanism. Moreover, the Nc values 
at shallow embedment and transition to flow-around cylinder mechanism varies 
with k. Together with the arbitrariness in choosing the su to compute Nc, another 
form of dimensionless group is proposed. 
 
Three independent dimensionless groups can be written as P/kD2, γ/k and z/D. 
Normalisation of experimental results have demonstrated the suitability of the 
above proposed dimensionless groups to model the resistance of an object which 
penetrates seabed with linearly increasing shear strength profile. Using the new 
dimensionless groups, upper bound solution to predict penetration resistance in 
linearly increasing shear strength profile is proposed. The upper bound solution is 
able to predict the trend. However, the magnitude of P/kD2 is different from the 
experimental results. Nevertheless, the upper bound penetration resistances are 
derived based on a “wish-in place” assumption. This does not necessarily reflect 
the real case in which the object continuously penetrates into the ground. Zhou 
and Randolph (2009) stated that, in the event where soil strength softening is 
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considered in a continuous penetration, the resistance experienced by the pipe is 
likely to reduce by 20 to 40%. Using the same failure mechanism, the differences 
between the homogeneous and non-homogeneous soil strength profile are 
investigated. The failure mechanism for a linearly increasing shear strength 
profile is significantly shallower than the homogeneous shear strength profile. 
 
There are less proposed solutions for pipe uplift problem as compared to the pipe 
penetration. They are compared with the centrifuge test results. PIV analysis from 
Chapter 5 has shown that although flow-around cylinder mechanism was 
observed during the penetration to the final embedment, a different mechanism 
was observed when the pipe was extracted at the same embedment. Thus, another 
upper bound solution of pipe extraction is proposed. The upper bound solution 
over estimated the uplift resistance obtained from the experiment. This is because 
continuous shearing process is not considered. However, this effect is not as 
significant as that shown in the penetration resistance computation. It is more 
likely that the penetration resistance obtained from centrifuge tests is normalised 
by the intact undrained shear strength gradient, k. The magnitude of k would have 
been expected to reduce due to heavy remoulding of surrounding clay before the 
extraction was carried out.  
 
The measured Bromhead ring shear test results agree in most respects with what 
had been observed for clayer soils in the NGI-type ring shear apparatus. The 
results clearly show that the residual friction angle decreases with increasing 
normal stress. The effect of normal stress on residual friction angle is due to 
changes in structure and interference between particles, rather than to changes in 
intrinsic friction between the particles. The predictions from proposed model 
using results from ring shear tests are compared with the centrifuge test results. It 
generally predicted less degradation than the centrifuge test results. This is 
because the ring shear test does not model the effect of water entrainment and soil 
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movement from weaker to stronger layer which would increase the magnitude of 
soil strength degradation. 
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Test D(m) zmid(m) σ'n φ'r M OCR 
S-A-01 1.0 1.5 9 13.66 0.5126 5 
S-C-01 1.0 1.5 9 13.66 0.5126 1 
S-C-02 1.0 1.5 9 13.66 0.5126 3 
S-E-01 1.0 2 12 11.35 0.4213 5 
S-E-02 1.0 2.5 15 9.834 0.3622 5 
D-F-01 1.0 4 24 7.269 0.2642 5 
D-G-01 1.0 4.25 25.5 6.992 0.2537 5 
D-G-02 1.0 4.25 25.5 6.992 0.2537 5 
 
Table 6.1 Summary of parameters used for computation of kd.
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Figure 6.1 Comparison of bearing capacity factors, Nc obtained from various methods and test results from Test S-A-01 and S-C-01 
for w < 0.5D. 
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Figure 6.3 Parameters involved in a pipe embedment problem in an increasing undrained shear 
strength profile.
z




su: undrained shear strength 
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Figure 6.4 Comparison of normalised penetration resistance of the first cycle of respective centrifuge model test results.
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Figure 6.6 Comparison of upper bound prediction and experiment results. 
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Figure 6.7 Comparison of experiment results and upper bound prediction considering 20% reduction of resistance due to soil softening. 
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Figure 6.8 Comparison of optimised θ at different pipe embedment for homogeneous and non-
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Figure 6.9 Comparison of experimental result from Test S-A-01 and (a) Nc factor proposed by Merifield et al. (2008) and (b) uplift 
resistance predicted by Hodder and Cassidy (2010).
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Figure 6.15 Plots of shear stress versus displacement from ring shear tests. 
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Comparison between penetration resistance degradation ratio 






























Figure 6.18 Comparison of predicted degradation ratio during pipe penetration and experimental 
results.  
 
Comparison between extraction resistance degradation ratio of 






























Figure 6.19 Comparison of predicted degradation ratio during pipe extraction and experimental results.
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Many studies have been done on pipeline indentation up to an indentation depth 
of 0.5D. For penetration to greater depth, flow around cylinder mechanism is 
developed for the application of T-bar penetrometer. For the riser-soil interaction 
problem, the riser pipe penetration and extraction usually occurs at transition 
depths, i.e. up to 3D to 5D, where the soil failure mechanism usually evolves from 
a shallow bearing failure to deep flow around cylinder mechanism which could 
not be well described by existing solutions. Studies conducted on pipe uplift 
resistance, embedment depth, soil shear strength, uplift speed and consolidation 
time of the soil cover, are identified as important parameters that govern the uplift 
behaviour. Owing to experimental difficulties, pipe embedment process was 
usually not realistically simulated in these model tests. 
  
A large number of numerical simulations have been reviewed to simulate the riser 
soil interaction at the touchdown point. Owing to limitations on numerical and 
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constitutive modelling of large penetration and suction modelling, these models 
were not able to simulate the problem realistically. In the current riser-soil 
interaction model, only the degradation of breakout response was considered. The 
backbone curves remained unchanged with number of load cycles and this does 
not represent the field condition.  
 
Soil stiffness degradation is an important parameter in order to identify the riser 
fatigue life at the touchdown point. This aspect is not well studied and seabed is 
usually not properly modelled in the current SCR fatigue design. Existing 
literatures have shown that fatigue damage is highly sensitive to the soil model 
employed in the analysis. A non-linear soil model which includes the effect of 
suction in the simulation of riser soil interaction has been shown to be more critical 
as compared to those seabed modelled with linear spring. 
 
In view of the above shortcoming in existing studies, a series of centrifuge model 
tests were conducted at the National University of Singapore to evaluate riser soil 
interaction when the seabed is subjected to repeated penetration and extraction. 
The present study concentrates on identifying the major factors that affect the 
riser-soil interaction. Load-displacement response, soil stiffness degradation and 
pore water pressure around the pipe were obtained from the centrifuge model tests. 
Both displacement and load controlled tests have been carried out. The effect of (a) 
shear strength gradient; (b) displacement rate; (c) cyclic amplitude; (d) water 
entrainment and (d) cyclic period have been investigated through the first part of 
centrifuge model tests. Subsequently, particle image velocimetry (PIV) technique 
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7.2 Methodology 
An apparatus for plane strain pipe tests has been developed for centrifuge test to 
be carried out using clay sample with various overconsolidation ratios. The model 
pipes were extensively instrumented to allow continuous stress measurement 
around the pipe. A progressive scan camera and an image processing system were 
adopted to investigate the soil movement patterns around the pipe. In addition, the 
model setup was equipped with in-flight penetrometer to characterise the 
undrained shear strength of the sample. The experimental setup has shown good 
repeatability and been verified that its container boundary effect is negligible. 
 
The experimental setup and procedures established in the present study are 
believed to facilitate a thorough investigation into the riser-soil interaction 
problem in soft clay with increasing undrained shear strength with depth and 
provide a fundamental understanding of this issue. Furthermore, upper bound 
solutions to predict the pipe penetration and uplift resistance are proposed. Ring 
shear tests were performed on the clay soil to quantify the soil strength at the 
steady state of vertical cyclic loading. The centrifuge test results were also 
compared with the upper bound solution using the results of ring shear test. 
 
7.3 Summaries of findings 
Centrifuge test results presented in Chapter 4 have shown some major findings to 
improve the modelling of backbone curve for SCR fatigue analysis. The load 
displacement response is found to approach steady state at about eight number of 
cycles. It is a significance finding which implies that using remoulded soil 
strength in design of riser fatigue life would be more appropriate. This is because 
riser-soil interaction is categorised as a high cycle fatigue problem, the response 
at the first few cycles will have little effect on the total fatigue damage induced on 
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Present study has also shown that suction is not the only component that 
contributes to uplift resistance. Centrifuge test results and PIV analysis show that 
weight of soil on top of the pipe and shearing resistance along the slipping planes 
contribute towards the uplift resistance. Study of the pore water pressure response 
has shown that suction (negative excess pore water pressure) underneath the pipe 
diminished rapidly during the pipe uplift at first few cycle. Diminution of the pore 
water pressure is shown to be due to the degradation of soil strength below the pipe 
embedment depth. Furthermore, velocity contours from PIV analysis on the pipe 
uplift have supported the argument. Therefore, the effect of suction of riser 
fatigue damage may not be as significant as reported by previous studies. 
 
Soil samples with various OCR were used in the centrifuge experiments to 
generate different shear strength gradients. It is found that soil strength 
degradation aggravates when the OCR of the soil sample increases which is due 
to the dilatancy behaviour of the overconsolidated. Both normally consolidated 
and overconsolidated clay in deepwater environment have been reported by 
previous researchers. Using the degraded strength of normally consolidated clay 
would be more conservative for the fatigue design of SCR. 
 
Effect of inertia is shown to be negligible in modelling SCR response at TDZ. 
Furthermore, within the riser pipe displacement rate of between 1 to 6 mm/s 
examined in the present study, the load displacement relationship and the 
degradation profile does not change. These observations imply that dynamic 
effects are not pronounce in the modelling of SCR fatigue analysis, in which 
quasi-static assumption could be made. 
 
As reported in the literature review, the length of SCR situated at TDZ could be up to 
50 m. Different sections of SCR are thus subjected to different cyclic amplitudes. 
Centrifuge test results have shown that if the pipe is allowed to breakout of the 
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ground, the soil strength degradation will increase because of water entrainment. 
From the tests which the pipe cycled at deeper embedment, the degradation is also 
shown to be higher due to the increase in effective stress of the soil. However, it is 
difficult to model the effect of water entrainment. Therefore, using the degraded 
soil strength derived from the “non breakout” case would not only reduce the 
conservatism of current design practice, it also provides safety margin given that 
the strength degradation could be higher when the pipe breaks out from the 
ground or cycling at deeper embedment. 
 
7.4 Practical implications 
Thethi and Moros (2001) stated that the virgin response curve can be considered 
as a ‘backbone curve’, which serves as a building block and bounding surface for 
subsequent riser/soil response curves. Conversely, the riser/soil response curve 
can be considered as a load path bounded by the backbone curve. A backbone 
curve for homogeneous soil strength can be derived from existing solutions in the 
earlier section. For penetration, solution proposed by Aubeny et al. (2005) and 
Barbosa-Cruz and Randolph (2005) provide a good bound for the centrifuge test 
results. However, the prediction for uplift resistance in homogeneous soil strength 
is not as well studied. Merifield et al. (2008) will predict a higher uplift resistance 
if su of the intact ground is used. This is because soil strength has degraded 
significantly after the first penetration. 
 
A simple backbone curve for SCR cycling in a soil with increasing shear strength 
can be derived from the present studies. For penetration, PIV analysis and limit 
analysis have shown that the slip plane tends to be shallower than that of the 
homogeneous soil strength when the pipe is shallowly embedded. Comparison 
between centrifuge test results and solutions reported by previous researchers has 
revealed that the pipe penetration resistance is a function of the magnitude of 
shear strength gradient. Moreover, limit analysis has also shown that the effect of 
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shear strength increasing with depth diminishes as the soil around the pipe fails in 
a flow around cylinder manner. Solution by Barbosa-Cruz and Randolph (2005) 
proposed a depth factor for Nc when the soil failure mechanism has not reached the 
deep localised flow. Therefore, solutions proposed by Aubeny et al. (2005) and 
Barbosa-Cruz and Randolph (2005) only provide a good bound after the soil 
failure mechanism transits to a deep localised flow. Consequently, the embedment 
depth which the flow reaches deep flow mechanism has to be known in order to 
apply their solution on increasing soil strength profile.  
 
To remove the arbitrariness in choosing su for the computation of penetration 
resistance, a new dimensionless group has been proposed in the present study. 
The soil strength is characterised by shear strength gradient rather than undrained 
shear strength which would avoid the need to choose for appropriate su. The new 
relationship of normalised penetration resistance and uplift resistance (P/kD2) 
with normalised pipe embedment depth (z/D) are derived. The shear strength 
gradient is needed to derive the load-displacement relationship. Linear 
approximation can be made from the in-situ or laboratory soil testing results to 
obtain the shear strength gradient of the virgin ground.  
 
Centrifuge test results have shown that SCR response reaches steady state in about 
eight cycles. For a high cycle riser-soil interaction problem, using soil strength at 
the steady-state in fatigue analysis will be more reasonable. Ring shear tests had 
also been performed to quantify the residual strength of the clay at steady state. 
The results have predicted higher soil strength at steady state than the centrifuge 
test results’ because the effect of soil movement from weaker to stronger layer 
and water entrainment is not accounted in the ring shear tests. Ring shear test also 
provides an independent mean to obtain the soil shear strength at steady state. It 
can be performed at various effective normal stresses to derive the relationship 
between the effective normal stress and residual friction angle of the soil. This is 
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to account for different embedment depth and cyclic amplitude along the SCR at 
TDZ.  
 
7.5 Recommendation for further studies 
The present study is limited to Malaysia Kaolin clay with coefficient of 
permeability significantly higher than the marine clay in field. Besides that, only 
the vertical cyclic movement of the riser pipe is studied. In the actual field 
condition, the riser pipe is also subjected to horizontal and rotation movement. 
The effects of these additional motions on the seabed stiffness should be 
incorporated in order to correctly modelling the riser soil interaction problem. 
 
Upper bound solutions using simple block mechanism are proposed in the present 
study. It should be noted that these block mechanism can be further refined and 
optimised to obtain a better predictions towards the penetration and uplift 
resistance. Bound solutions which consider the failure mechanism of combined 
loading can be performed to back analyse the experimental results. Upper bound 
solutions presented have shown to be able to predict the experimental results. It 
can also serve as hand calculation to estimate the penetration and uplift resistance 
without involving tedious analysis. 
 
The present study concentrates on the soil responses subjected to riser pipe 
loading with different parameters. However, full system behaviour of SCR 
involving the complete vessel motion, riser mechanics, hydrodynamics and riser 
soil interaction should be modelled in order to quantify how much do these 
parameters affect the SCR fatigue analysis. 
 
The seabed does not remain undrained throughout the life cycle of SCR. Pore 
pressure diffusion is bound to happen as shown in the present study. Change in 
pore pressure will cause the change of the seabed stiffness which is currently not 
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considered. Consolidation analysis using finite element package can be used to 
quantify this effect to further improve the modelling of seabed for SCR fatigue 
analysis. 
 
Centrifuge test results and back analysis have shown that the effect of water 
entrainment and trajectory of soil element with different strength to different 
depth with different intact shear strength do occur. The complexity of modeling 
the water entrainment would perhaps lie on the soil and fluid interaction. These 
have significant effect on the modelling of seabed stiffness. However, these two 
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